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Serial No. 10/782,436 
Amendment Dated 07/25/2005 
Reply to Office Action of 01/26/2005 

REMARKS/ARGUMENTS 

Entry of the amendment and reconsideration of the present application is 
respectfully requested. Claims 1, and 5 are pending, and under examination. No 
new matter has been added. 

Rejections under 35 U.S.C. §112, 1st Paragraph - Enablement ; 

Claims 1 and 5 were rejected under 35 U.S.C. §112, 1st paragraph for lack of 
enablement 

The Action asserts that the specification fails to teach how to use the isolated 
polypeptide of SEQ ID NO: 4 in a plant or the agronomic benefit of the isolated 
polypeptide, and further that the specification does not provide guidance regarding 
any use of the isolated polypeptide of SEQ ID NO: 4 and polypeptides having at 
least 95% sequence identity thereto. 

Applicant respectfully disagrees. As noted in the Action, modulating RuvB 
expression levels provides the means to modulate the efficiency with which nucleic 
acids of interest are incorporated into the genomes of a target plant cell (page 3, 
lines 20-22). 

Further guidance for the use of the polypeptide of SEQ ID NO: 4 and 

polypeptides having at least 95% sequence identity thereto is found, for example, on 

page 24, lines 12-19: 

M ln particular, the polynucleotides and polypeptides of the present invention 
can be expressed temporally or spatially, e.g., at developmental stages, in 
tissues, and/or in quantities, which are uncharacteristic of non-recombinantly 
engineered plants. Thus the present invention provides utility in such 
exemplary applications as in the control of homologous recombination 
efficiency or transformation efficiency in plants." [emphasis added] 

On page 25, lines 10-13: 

The proteins of the present invention can be employed in assays for enzyme 
agonists or antagonists of enzyme function, or for use as imrnunogens or 
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antigens to obtain antibodies specifically immunoreactive with a protein of the 
present invention . Such antibodies can be used in assays for expression 
levels... 1 ' [emphasis added] 

Therefore, the specification has provided guidance on the use of the 
polypeptide of SEQ ID NO: 4 and polypeptides having 95% sequence identity 
thereto, for example the use of the polypeptides to modulate homologous 
recombination and/or transformation efficiency in plants. As defined on page 10, 
lines 16-23, the term "isolated* encompasses materials (e.g., polypeptides) which 
have been altered by deliberate human intervention to a composition and/or placed 
at a location in the cell not native to a material found in that environment. 

The specification also provides guidance on the use of the polypeptide of 
SEQ ID NO: 4 and polypeptides having 95% sequence identity thereto to create 
antibodies specifically immunoreactive to SEQ ID NO: 4 or polypeptides having 95% 
sequence identity thereto. Contrary to the assertion of the Action, not just any 
protein can be used as an immunogen for the purpose of generating antibodies 
specifically immunoreactive to the polypeptides of the invention; therefore, this use 
does have a specific biological activity. 

Applicant provides Appendix A, comprising information RuvB activity and the 
function of homologous recombination in plants. Appendix A provides information 
on homologous recombination and RuvB in plants, RuvB homologues have been 
identified in Arabidopsis thaliana, At5g22330 and At5g67630. The three- 
dimensional crystal structure of RuvB from bacteria has been solved, (Putnam et a/., 
2001 JMB 311:297-310), further characterizing the function of domains, such as the 
Walker boxes. Qui et at. (1998 JBC 273:27786-27793) reported the identification of 
a human homologue of RuvB, noting in the 2 nd paragraph of page 27786, that the 
extensive presence of bacterial RecA (involved in the same process as RuvB & 
RuvC) homologues across many eukaryotes suggests that "the machinery involved 
in recombination is highly conserved among all organisms from bacteria to man". 
Pang etai (1993 Nucl. Acids Res. 21:1647-1653) showed that two cDNAs from A 
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thaliana could complement E. coli ruvC mutants. Shalev et al. (1999 PNAS 
96:7398-7402) showed stimulation of homologous recombination in plants 
transformed with bacterial RuvC, suggesting that the other homologous 
recombination components are not only present, but capable of interacting with the 
bacterial homologues. 

Therefore, it is respectfully submitted that sufficient guidance is presented in 
the specification and claims as originally filed to enable one of skill in the art to make 
and use the polypeptides of SEQ ID NO: 4, and polypeptides having 95% sequence, 
identity to SEQ ID NO:4. It is respectfully requested that the rejection of claims 1 
and 5 under 35 U.S.C, §112, 1st paragraph for lack of enablement be withdrawn. 

CONCLUSION 

Applicant has fully responded to the Office Action issued January 26, 2005 
and respectfully requests consideration of the response submitted herein. Applicant 
believes the response overcomes all of the rejections in the Action, such that the 
application is now in condition for allowance and hereby request early notification of 
the same. The Office is invited to call the Applicants' representative in order to 
expedite prosecution and allowance of the application. 



Respectfully submitted, 




Agent for Applicant(s) 
Registration No. 48 T 243 



PIONEER HI-BRED INTERNATIONAL, INC. 

Corporate Intellectual Property 

7100 N.W. 62™ Avenue 

P.O. Box 1000 

Johnston, Iowa 50131-1000 

Phone: (515)270-4192 

Facsimile: (515)334-6883 
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The RuvB hexamer is the chemomechanical motor of the RuvAB complex 
that migrates Holliday junction branch-points in DMA recombination and 
the rescue of stalled DNA replication forks. The 1.6 A crystal structure of 
Thertnotoga maritlma RuvB together with five mutant structures reveal 
that RuvB is an AITase-assodated with diverse cellular Activities 
(AAA -class ATPase) with a winged-helix DNA-binding domain. The 
RlivB-ADP complex structure and mutagenesis suggest how AAA + - 
class ATPases couple nucleotide binding and hydrolysis to interdomain 
conformational changes and asymmetry within the RuvB hexamer 
implied by the crystal lographic packing and small-angle X-ray scattering 
in solution. ATP-d riven domain motion is positioned to move double- 
stranded DNA through the hexamer and drive conformational changes 
between sub units by altering the complementary hydrophilic protein- 
protein interfaces. Structural and biochemical analysis of five motifs in 
the protein suggest that ATP binding is a strained conformation recog- 
nized both by sensors and the Walker motifs and that intersubunit acti- 
vation occurs by an arginine finger motif reminiscent of the CTPasc- 
activating proteins. Taken together, these results provide insights 
into how RuvB functions as a motor for branch migration of Holliday 
junctions. 

© 2001 Academic Press 

Keywords: AAA-h-dass ATPases; arginine finger; branch migration; 
Holliday junction; recombination 



Introduction 

Recombination is a general DNA repair pathway 
in eukaryotes and prokaryotes. Growing evidence 
suggests that one of the major functions of recom- 
bination is to restart replication forks mat have 
been stalled due to DNA damage that may occur 
frorn 15% to 50% of the time, and may be more 
important in bacteria than the recom hi national 
repair of double-stranded DNA (dsDNA) breaks. 1 
"flie central, four-stranded recombination inter- 
mediate formed in both these repair processes is 
the Holliday junction, which can be generated by 



Abbreviations used: dsDNA, doable-stranded DNA; 
AAA, ATFaKttf associated with diverse cellular 
activities; TBP interaction protein of -49 kP-i; 

EM, electron microscopy; SAXS, small angle X-ray 
scattering; ss, single-stranded; PK, pyruvate kinase; 
LDII, lactate dehydrogenase. 

H-mail address of the corresponding author: 
j3l®SCrippa.fidu 



RecA and RecA homologa in dsDNA break repair 2 
and in a RecA-independent fashion from replica- 
tion forks. 3 Rapid migration of the Holliday junc- 
tion in bacteria through heterologous DNA regions 
is performed by the RuvAB DNA translocase, 4 " 6 
which is also implicated in the repair of stalled 
replication forks. 7 

The genes of the nw locus operate late in recom- 
bination, and cells with mutations in these genes 
are sensitive to DNA damage, forming non-septate, 
multinucleate filaments that arise from covalently 
crossHnked chromosomes." The RuvA protein 
forms symmetric tetramers and binds to one face 
of the Holliday junction.* The RuvB ATPase assem- 
bles into functional homobexameric rings and is 
the chemomechanical device that drives branch 
migration, in the presence of RuvA- 10- 11 The RuvC 
dimer resolves Holliday junctions by symmetri- 
cally nicking the Holliday junction at the crossover 
point. In vvofj and in vitro data indicate that the 
RxivABC proteins function coordina tely . RuvB, 
which has low affinity for Holliday junctions, 1 z_1 * 
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is targeted to opposite sides of the RuvA /Holliday 
junction complex through protein-protein inter- 
actions. 14 In vivo, RuvC functions only in the 
presence of KuvAbV 5 and can form a RuvABC/ 
Holliday junction complex, 1 '' Thus, an KuvABC 
branch migration /resolution complex likely exists, 
Similar lo co-fractionating mammalian branch 
migration and resolution complexes.* 7 ' 1 * 

Structural studies of RuvB were undertaken to 
decipher the molecular basis for chcmomechanicaJ 
energy transduction and the mechanism of branch 
migration by the hexomcric RuvB ATPases. Bio- 
chemical and structural studies of specific mutant 
RuvBs were pursued lo probe specific mechanisms 
by which RuvB adopts different nucleoli de-driven 
conformational changes. The RuvB structural 
results presented here provide insights into Ihe 
structures of the areheal and eukaryotic TIP49 
paralogs involved in chromatin remodeling and 
DNA repair. 19,20 Together, these results provide the 
framework for a detailed structural understanding 
of how RuvB converts chemical energy into the 
driving force behind branch migration of Holliday 
junctions formed during DNA recombination and 
DNA replication. 

Results and Discussion 
Structure of the RuvB subunit 

Thermvtogfl maritima RuvB was crystallized in die 
space group P6g from active enzyme overcxprcssed 
in UAcherichia coli, Ti and die structure of RuvB was 
detenrdned to 1.6 A resolution by multiple isomor- 
phous replacement (Table 1). Electron density 
maps for the wild-type protein and the five active- 
site mutant s true hires were clear from G.lnl7 to 
Pro329, except for a disordered gap between DeI31 
and Aspl47. The RuvB sxibunit is made up of three 
sequential domains, which assemble into a fairly 
flat, triangular molecule -25-35 A thick and —50 A 
on each side (Figure 1(a)), and forms a helix with 
six subunits per turn through Crystal packing. The 
N-terrmnal ATPase domain, domain L represents 
about half of the protein and consists of a central 
jSve-straoded, all parallel (Vsheet with the topology 
p5-J51-|34-P3-P2 that is surrounded by eight 
a-he)ices. The smaller, all-helical domain II (a9-ll), 
and the mixed ot-|5 C-terminal domain lit (ocl3-l7, 
J56-7), both pack against the C-terrninal edges of 
the p-sheet of domain L These three domains are 
linked by extended loops, which, although ordered 
in these crystal structures, could allow motion 

between the domains. 

An ADP molecule binds at the interface of RuvB 
domains I and (1 (Figure 1(a)). The location of ADP 
within the RuvB structure immediately Suggests 
that nucleotide binding states drive conformational 
changes between RuvB domains. Structural anal- 
ysis «md sequence conservation identify four motifs 
at the domain I-H boundary (Walker A, Walker B, 
sensor 1, and sensor 2) likely to be important in 
nucleotide-duven cOnforrmiHona! changes of die 
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Figxire 1, RuvB fold, domain assembly, functional 
motife and ADF-binding position, (a) Each of the Uiree 
JRuvtf structural domains is generated sequentially from 
the amino acid sequence, with. an ADf molecule bound 
at the interface between the AAA \ -class ATPase 
domains I (blue) and Ti (gold). The winged-lielix domain 
HI (green) js "masked" in these domain conformations, 
suggesting that DNA binding is induced only upon rela- 
tive motion of the different domains, (b) Sequence align- 
ment of T. tnaritima (VtAA), E. coli (ECO) RuvB, 
H. sapiens TIP49a (ITP49A), and H, sapim* Tjrefc 
Clu?49B) proteins displayed with the T. maritima second- 
ary structure assignment. Caps in the sequence are dis- 
played as dashes. Ked residues are absolutely conserved 
across an additional 15 different bacteria) Kuvli 
sequences. Red dots above the sequence represent 
Strong and moderate dominant negative mutations iso- 
lated in Ihe fc. coli Kuv(J protein. 2 * 1 Sequence alignments 
were generated by the program SHQUOlA (CM ISruns, 
http://wwvv.scripps.edu/ bruns/sequoia.htui3). 
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protein structure (Figure 1(b)). The /structures of 
domains I and U demonstrate that RuvB shares a 
common fold with the AAA H- -super class of 
ATPases, named from an acronym of ATpases 
associated with diverse cellular activities. 22 The 
AAA + -class of ATPases includes chaperones, pro- 
teases, and nucleic acid processing enzymes, and 
has roles in vesicle fusion, vesicle formation, mito- 
tic spindle formation and cytoskeletal integrity. 

Domain III possesses the winged-helix DNA- 
binding fold, which is a modified form of the 
helix-turn-helix DNA-binding motif that is 
observed in many transcriptional regulators and in 
non-specific DMA-binding proteins such as historic 
H5 {reviewed by Gajiwaja & Burlcy 35 ). However, 
in the RuvB structure, the recognition hehx al5, 
which lies in the DNA major groove in the canoni- 
cal binding mode, is broken by the absolutely con- 
served Pro299 into <xl5a and c*15b (l Ji g Llrc !(&))• 
Extensive sequence conservation for domain Ifl 
residues that possess both structural and potential 
recognition roles (Figure 1(b)) suggests the import- 
ance of this third domain, as does an isolated 
dominant negative nonsense mutation in E. coli 
RuvB 24 that preserves domains I and IT, which 
pack into the hexamer, but deletes most of domain 
EL 

this three-domain RuvB structure appears to be 
similar to the Thertnus Lhcrmophilus RuvB structure 
recently published at 3.2 A resolution determined 
independently 25 and a related 7\ thermaphilus crys- 
tal form solved at 3-6 A resolution (CD P. & J.A.T., 
unpublished results). This resemblance suggests 
that the high-resolution RuvB structure presented 
h*^e is representative of all RuvB branch migration 
motors, 

The RuvB structure furthermore rationalizes the 
insertions and deletions observed in the archaeal 
and cukaryotic RuvB homologs, termed TBP inter- 
action protein of -49 kDa CnP49)- mo T1P49 pro- 
teins lack a RuvB-Iike domain III, but have a -200 
amino acid residue insertion between <x3 and p3 
(Figure 1(b)). This inserted domain appears to be 
unique to TIP49 by database searches and, given 
the ability of TIP49 to hexamerize, could be posi- 
tioned where domain m sits in the RuvB structure 
near the C-tenrunat face of the domain I (3-sheet. 
Thus, we suggest that the TTP49 inserted domain is 
positioned to function equivalcntly to RuvB 
domain Ul. 

Implicated roles for Walker motifs A and B in 
RuvB conformational change 

Tn addition to driving nucleotide triphosphate 
hydrolysis, 2ci the KuvB structure suggests that con- 
served Walker A and B motifs may also function 
in driving conformational changes upon binding 
ATI 7 . The Walker A motif, also termed, the IMonp, 
is involved in coordination of the triphosphates 
and presenting the y-pbosphate group for clea- 
vage. The Walker B motif coordinates a divalent 
metal ion and likely activates the water nucleophiJe 
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for ATP cleavage. In the ADP-bound complex of 
RuvB (Figure 2(a)), the two motifs are not aligned 
appropriately for activating and cleaving ATP. 
This misalignment may also explain the inability to 
co-crystallize or soak divalent metals, non-hydro- 
hyzable ATP analog*, or iransi don-state analogs 
such as aluminum and beryllium fluoride into this 
crystal form (data, not shown), as these compounds 
would require a precise alignment of the active 
site. 

Comparison of the Walker A and B motifs in 
these RuvB structures and in the AMP-PNP bound 
NSF-D2, 27 ' 25 which possesses active-site geometry 
consistent with the highly conserved roles of Walk- 
er A and B in ATP hydrolysis, suggest that align- 
ment of the motife would result in local 
conformational changes that could be propagated 
into domain morions. Superposition of the central 
p-sheets in domain I suggests that ATP and/or 
metal binding may systematically shift ot3 by —3 A 
towards the helical N terminus (Figure 3). 
Additionally, a2 would be shifted in the ATP state 
toward the pmtein core, partially accommodating 
the space left by a3- Combined, these motions 
would shift the orientation of domain U by ~30° 
at Walker A (Figure 3), and alter both the position 
of the winged-helix domain III and the subunit- 
subunit interface. Thus mutations in Walker A that 
disrupt normal y-phosphate positioning, such as 
the Lys64Arg mutant (Figure 2(c)) whose guani- 
dium group would likely shift the 7-phosphate 
group. The guanidium group position is con- 
strained by other residues of Walker A (Gly58, 
Pro59, and Froot)), the p-sheet (Leu56, Ala57, 
AJal56, and Thrl57), and the nucleotide and the 
conformational changes in both RuvB-Iike and 
NSF-D2-like conformations. Additionally, the resi- 
dues of Walker B dial inactivate the ATPase and 
branch migration activity 29 may impact both the 
hydrolytic maclunery as well as an important sen- 
sor of the presence of a y-phosphate group. 

Although it is not possible to rule Out that the 
RuvB/NSF-D2 differences arc static variations in 
family members, the observed misalignment in the 
ADP-bound complex of RuvB is inconsistent with 
the conserved roles in an active ATPase Site, which 
are supported by extensive mutagenesis for 
RuvB- 2 *-^ in the absence of direct superposition of 
the central p-sheet for these proteins, the most 
obvious marker for the misalignment becomes the 
relative distances between main-chain atoms for 
the Walker A and B motife. In the NSF-D2 struc- 
ture, the C* atom for the Walker A lysine residue 
(Lys557 in 556-GKT-558) is roughly equidistant 
(~b\8 A) from both of the C a atoms of the Walker 
B carboxylate residues (AspGll and Asp612 in 661- 
DD1C-614). For the RuvB structure, the C° atom for 
the Walker A lysine residue (Lys64 In 63-GKT-65) 
is much closer to the C* atom of the first carboxy- 
late group (Aspl09 at ~8.S A) than the second 
(GJullO at ~10.7 A). This difference is indicative of 
the systematic shift of a2 along the P-sheet and 
relates residues of Walker A that bind ft and 
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Figure 2. RuvB nucleotide recognition and. an implied 
strained ATP-bound conformation, (a) Details of the 
nucleo ride-binding site reveal that the phosphate groups 
are coordinated by the Walker A trtotif (including Lys64 
and Thr65) wjih the ADP moiety contacted by residues 
<if the sensor 2 motif (Pro216 and Arg217). Sensor 1 
(Thrl5H) and Walker B (AspltW and GlullO) motifs are 
located near the position of the Y-phosphate group. The 
isufcxirface of the simulated annealing omit diffenmce 
density is shown for ADP, contoured at 3o (green), 
(b) .Structure-based mutational analysis ietfeais the 
importance of ATP hydrolysis in branch migration and 
the key roles played by sunsor 1, sensor 2, and argmine * 
finger in RuvB. Uiochemical cruiracterization of the 
DNA-dependent ATPase activity of RuvB mutants 21 and 
branch migration of an in vitro reconstituted RuvAB- 
Holltday junction complex. 513 * Proteins scored as inac- 
tive, in branch migration activity are either wholly 
or substantially compromised, as they showed Jess than 
3%. of wild-type activity after an incubation of 60 min- 
utes- (c) Overlay of the wild- type RuvB protein (blue) 
with structures of the sensor 1 mutations AlalSfSer (yel- 
low), Thrl58Val (li^ht blue), and the Walker A mutation 
Lys64Arg (light brown), (d) Overlay of the sensor 2 
mu tation Pro2l6Gly (yellow) wirh wild-type RuvB, illus- 
trating some of the structural renrratigemems required 
to accommodate the misregjstered ATP (Figure 2(c)) m 
the nucleotide-binding site, (e) Details of ATP binding 
from the Pro21GCly structure (red) and ADP binding 
from the wild-type structure (blue) demonstrating the 
reorientation of the both adenine and ribose moieties 
and the phosphate atisregisire (ion, where the ATP 
Y-phosphate group binds at tlie (J position and the ATP 
P-phosphate group binds at the a position. Tl\is struc- 
ture suggests that binding ATP in the appropriate cu.n- 
formalion channels binding energy into a strained RuvB 
amformation. (Jf) Overlay of the argkuoe finger 
mutation ArglTOAla (yellow) with wild- type RuvB, 
suggesting the dramatic loss of ATPase and branch 
migration assay are due to loss of the guanidium func- 
tionality, as structural perturbations are small. 
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Figure 3. Nucleoti de-driven conformational changes 
in AAA + -dass ATPases. Overlay of the A UP bound 
RuvB domain I (blue) with the AMP-PNP bound N5F- 
D2 domain I (green) demonstrates the implied ~-3 A 
shift of a3 upon ATP binding, which aligns Walker A 
and B motifs (indicated by the conserved lysine residue 
of Walker A and carboxylate groups of Walker S), to 
generate an ATP hydrolysis site containing appropriate 
geometry as observed in This motion of tt3 is 

linked to a conformational change in domain II, in 
wliich the sensor 2 helix rotates dramatically. Compari- 
son of the RuvB structure with other ADP-bound 
AAA 4- -class ATPases suggests that this structural 
rearrangement is the hallmark of this class of proteins. 



Y-phosphate groups directly with the catalytic 
machinery at Walker B. 

Roles for sensor motifs and evidence for a 
strained ATP state 

From our RuvB structural and mutational 
results, we propose that RuvB exists in three dis- 
tinct states with distinct conformational states 
during the reaction cycle: ATP-bound, ADP- 
bound, and empty. Recognition of each of these 
states is likely via two types of detectors that inter- 
act either with die ADP moiety or with the ATP 
Y-phosphate group- In addition to the interaction 
of lite Walker A and. B motifs in sensing the 
ATP-bound state, die sensor 1 and sensor 2 motifs 
ace critical for responding to the nucleotide based 
on both structural analysis and mutagenesis result*; 
(Figure 2(a)«(e)). 

Sensor 1 is located on domain I at (54 between 
the Walker A and B motifs (Figure 2(a)), and 
appears positioned Lo distinguish nucleotide 
diphosphate and triphosphate states by forming a 
hydrogen bond through the Thrl58 side-chain to 
the ATP Y-phosphate group. The Thri58 side- 
chain,, even when rotated about %1, is not close 
enough to form a hydrogen bond to a modeled 
y-phosphate group (5.5 A) in this ADP-COinplex 
structure Cftgure 2(b)); however, the proposed 
shift or' Walker A and B motifs in response to ATI 7 



PAGE 18/60 ' RCVD AT 8121201)5 1:45:41 PM (Eastern Daylight Time] ' SVR:USPT0-EFXRF-6/25 1 ONIS:2738300 * CSID:515 334 6883 * DURATION (mm-ss):2W)6 



08/02/05 TUE 12:54 FAX 515 334 6883 PIONEER HI-BRED DSM 



©019 



302 



binding would bring the Thrl58 side-chain into 
portion (—3 A) for hydrogen bond formation. Sig- 
nificantly, mutation of ThrlSS to the isosteHc 
valine inactivates DNA-dependent ATPase activity 
(Figure 2(b)), even, though the mutation does not 
change the structure of the ADP-bound form of the 
enzyme (Figure 2(c)). The other absolutely con- 
served residues in the sensor 1 motif do not appear 
to sense the ATP .stale of the enzyme directly, but 
likely play structural roles. Glyl55 packs directly 
against the hydropl"vobic core of the protein, and 
any other residue would possess substantial steric 
clashes. Ala.156 lies underneath Walker A, and resi- 
dues with large side-chains would disrupt the pos- 
ition of Lys64. Mutation of Alal56 to either serine 
ur cysteine is tolerated (Figure 2(b)), and the struc- 
ture of the Ala'156Ser mutant is undlsrupted in the 
ADP-bound complex (Figure 2(c)); however, this 
position is strictly conserved as alanine in all bac- 
terial RuvB sequences and could be more proble- 
matic, depending on the structural influence of 
ATP or DNA-dependent rearrangements on this 
region, TJbus, sensor 1 may help distinguish 
between nucleotide diphosphate and nucleotide tri- 
phosphate-bound states of the enzyme. 

Sensor 2, located on domain II (Figure 2(a)), 
packs against the ATPase binding site. Fro216, 
which is conserved in Ruvfts as either proline or 
methionine, packs directly against the adenine 
face, and Arg217 forms a charged hydrogen bond 
to the p-phosphate group. Mutations in both of 
these sensor 2 residues affects the A'IPase activity 
of the enzyme. The mutation of Arg217 to lysine 
inhibits ATPase activity, although the Arg217Ala 
mutant activity is higher (Figure 2(b)). Mutation of 
Pro216 to glycine shows hindered ATPase activity 
at low enzyme concentrations (data not shown), 
but norma). ATPase activity at high concentrations 
(Figure 2(b)). Notably, the crystal structure of this 
mutant (Figure 2(d>(c)) reveals that Pro216 is 
important for preventing alternative nucleotide- 
binding states from occurring. Thus, the Pro216Gly 
mutant surprisingly binds ATP, not ADP, as iso- 
lated from cells, but the ATP binds non-produc- 
lively, such that the phosphate groups of the ATP 
are out of register- The ATP y-phosphate group 
binds in the normal 0 position and the ATP 
p-phosphate group binds in the normal a position 
(Figure 2(c)). This out-of-register binding is accom- 
modated by a rearrangement of the binding site 
that is prevented in the wild-type protein by steric 
collision between the nucleotide 3' hydroxy! group 
and the Fro2l6 ring. The ADP molecule bound by 
the wild-type enzyme is in the anti conformation, 
while the ATP molecule in the Pro216Gly is $yn. 
Importantly, die altered nucleotide-binding mode 
in this mutant and its inefficiency at lower protein 
concentrations suggests that correct positioning of 
the ATP Y-phosphate group is energetically costly, 
consistent with the y-phospbate-iiiduced confor- 
mational changes inferred from the structure. Both 
Pro216 and Arg217 in sensor 2 interact with com- 
ponents of the nucleotide present in both ADP and 
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ATP. Hence, this motif, unlike sensor 1, likely dis- 
tinguishes between nudeotide-bound and 
unbound states in addition to on/ordng a strained 
ATP-bound conformational state to prevent non- 
productive binding. 

Although the sensor 2 motif was previously 
defined only for the highly conserved region, 
analysis of the RuvB structure suggests dial the 
motif definition should be expanded. The adeno- 
sine ring is buried within a pocket and sequestered 
from solvent by the hydrophobic side-chains of 
Pm2l, Phe27, Del88, and Pro216. This hydrophobic 
collapse can be likened to a vise in which domains 

I and II clamp down on the flat adenine. The polar 
faces of the ring interact with more polar environ- 
ments: Nf-1 and N-3 hydrogen bond to water mol- 
ecules; the exocyclic N-6 amine hydrogen atom 
bonds to Lhe Ile28 backbone carbonyi group; and 
N-7 is oriented towards the Tyrl80 hydroxyl and 
Leu62 backbone carbonyi groups. The ADP 2' and 
3'-hydroxyl groups make no specific protein inter- 
actions, and the only specific hydrogen bonding 
interaction with ADP is through the exocyclic 
amine group. This lack of specific interactions 
explains the abi lity of the E. coli and T. thermophitus 
Ruvfis to utilize alternative nucleotides including 
dATP, dCTP, and dTTP. 1 * 3 * The possibility that 
the more hydrophitic guanine base may prevent 
the hydrophobic collapse between domains I and 

II may explain biochemical studies for the TJiermvs 
Ruvb that can hydrolyze GTP and dGTP effi- 
ciently, but cannot use these nucleotides for m vitro 
branch rnigration, 32 as nucleotide binding is 
decoupled from the hydrophobic collapse. 

All three states of the enzyme can be detected 
through recognition of either the ADP moiety or 
the y-phosphate group. The sensor 1 and die Walk- 
er A and 6 motifs respond to the binding of the 
Y-phosphate group and a divalent cation. This ATP 
state, as revealed by the alternative nucleotide 
binding in the Pro2}6Giy mutant, is likely to exist 
in a tense or strained conformation with a trig- 
gered structural transition (Figure 3). Sensor 2 
recognizes the ADP through interaction with the 
sugar and diphosphate moieties as well as hydro- 
phobic collapse around the ring- These three RuvB 
conformational states within domains of an indi- 
vidual RuvB subunit provide the chemomechanical 
force that drives Holiday junction branch 
migration in the context of an active hexamer. 

RuvB hexameric assembly 

The crystallographi tally determined subunit con- 
tacts In the helix with six subunits per turn use the 
same molecular interfaces that are observed in the 
HslU and NSF-D2 hexameric AAA + -class 
ATPases. 27,2a ' :J:UJl Supertmposition of RuvB domain 
1 onto the conserved domain of IIslU results in a 
polar hexamer (Figure 4(a)) that satisfies known 
constraints, including the two-lobe construction 
(the large lobe is domains I and LI, the small lobe is 
domain III) and dimensions observed by electron 
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Figure 4* RuvB hexameric interfaces and assembly, (a) The RuvB hexamer assembly generated from the HslU hex- 
amer (PDB code lDOO^) Closely resembles i£M reconstructions of RuvB hexamen? bound to DMA™ The large lobe of 
the polar ring is generated from domains I and fl, while the small lobe compriiiey domain J1L (b) Hexa.meric interface 
between two adjacent subunits of Ihe RuvB hexamer. The hexameric interface is assembled entirely from domains 1 
and n. Dominant negative mutations 24 along these interfaces arc indicated by a red sphere at the amino add C a pos- 
ition. The side-chain of the arginine finger (green) of molecule B approaches the bound nucleotide (yellow) within the 
adjacent molecule A. (c) Fit of the Tlicmologa RuvB hexamer assembly (blue) and a spherical harmonic reconstruction 
(green) 10 SAXS data collected from £. coli RuvB hexamers at 6 mg/mJ- The spherical harmonic reconstruction shown 
here (L = 2, p3 symmetry) is representative nf Lhe flattened toroida generated ab initio from the experimental data, 
(d) The calculated hexamer radius of gyration {RJ closely matches the experimentally determined values. Impor- 
tairtly, the forward scattering intensity (I{0)) is linear in response to KuvH concentration, indicating that aggregation 
and hexamer disassembly were not occuring during these 5AX5 measiu'ements. 



microscopy (EM), 3S The entire subunit interface, 
made up almost entirely by domains I and E, is 
hydrophilic and possesses extensive shape comple- 
mentarity (Figure 4(b)). The domain I-domnin I 



interface between adjacent subunits is slightly 
negatively charged, whereas the domain I-domain 
II interface is positively charged. The binding of 
domain I within the cleft formed by domains I and 
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II of the adjacent subunit (Figure 4(b)) provides a 
mechanism whereby niicleolideriiiduced confor- 
mational changes between domains I and II can 
affect the subunit-siibunit interactions (Figure 3) 
and suggest that sub units shift positions during 
the reaction cycle. 

This assembly 13 also consistent with our exper- 
imental small-angle X-ray scattering (SAXS) data 
measured on solutions of E. coli RuvB hexamers 
(Figure 4(c)). Calculated scattering from the hexam- 
er is similar to the experimental, scattering evirve 
(Figure 4(c)). SAXS data provide an overall radius 
of gyration (Re) for the particle of ~40 A 
(Figure 4(d)) with a maximum mtraparticle dis- 
tance (D„, : ^) of ^121} A, consistent with our hexam- 
er model 0'igure 4(d)). Additionally, an ub initio 
spherical harmonic reconstruction, which fits the 
experimental curve with a small number of para- 
meters/ 16 agrees fairly well with the hexarner 
(Figure 4(c)). SAXS data can exclude packing 
arrangements that give different radii of gyration 
and maximum interpajticlc distances, such as 
more globular arrangements or asymmetric hexam- 
crs that are more elliptical and would have 
increased maximum intrapartide distances. SAXS 
cannot provide atomic-resolution details of the 
interfaces of this prolate ellipsoid model as shown 
through systematic generation of 64,000 compu- 
tational perturbations of this hexarner (data not 
shown); however, there is no reason a priori to 
expect that any computationally generated assem- 
bly should be in agreement with these experimen- 
tal SAXS data. Taken together, the agreement of 
the hexarner with experimentally determined SAXS 
data, the similarities to EM reconstructions,* 5 the 
conservation with uther hexameric AAA -(- -class 
ATPases, 27 * 26 ' 33 ' 34 and similarities to the cry st allo- 
graphs packing mterraces suggest that this hexarn- 
er arrangement is likely to be correct. 

Assembly is critical for ATPase activity in 
RuvB 37 ' 38 and in other AAA + -class ATPaseS- 22 
RuvB is known to be functional as a hexarner and 
aasornble into rings. 3f ' The fact mat ADP-bound 
RuvB assembles into a helix with six subunits per 
turn in these crystals rather than a hexameric ring 
suggests that asymmetry in the RuvB ring arises 
simply through assembly and that not all subunits 
of a hexameric ring can exist in an ADP~bound 
form. Both the RecA and "I7gp4 proteins have b«**n 
observed in helical and ring forms, and these pro- 
teins arc believed to possess fuiKtional 
a^ymmetries. 35 ' <, ° 

Arginine fingers in AAA-j-class ATPases 

To test the role of the strictly conserved arginine 
following the Walker A and B motifs in functional 
hexameric AAA 4- -class ATFases, Argl70 in RuvB 
was mutageni?«ed to both alanine and lysine. Both 
mutants were deficient ATPases and were not acti- 
vated upon DNA binding like wild- type 
(Figure 2(b)). These results match the in activation 
observed in mutants of the equivalent arginine to 
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leucine and lysine in the AAA + -class ATPase 
domain of the B- coli FtsH ATPa&e-dependent 
protease 11 and an arginine to histidine mutation 
Isolated in E. coii RuvB. 24 The crystal structure of 
Argl70Ala lacks any real conformational changes 
from wild-type (Figure 2(f)), indicating that the 
defect in the mutant involves loss of the arginine 
guanidiurn group. 

The hexameric assembly demonstrates that the 
arginine residue approaches the nucleotide phos- 
phate groups (Figure 4(b)) and may function analo- 
gously to arginine fingers identified in the GTPase- 
activaHng proteins (GAFs). These arginine residues 
function to regulate nucleotide hydrolysis by bind- 
ing the y-phosphate group within the Ras GTPase 
switch, which activates GTPase activity by itf-fold 
(reviewed by Noel 43 ). Arginine fingers have been 
implicated in a number of other unrelated 
NTPases, including Rho GTPases/ 3 T7gp4,*° and 
FpATPase/ 1 * in the RuvB hexarner, Acgl70 devi- 
ates slightly from the position required to facilitate 
ATP hydrolysis (Figure 4(b)), suggesting that ADP- 
bound RuvB is not the correct state to activate ATP 
hydrolysis in the adjacent subunit. In fact, proper 
argmine geometry for ATP hydrolysis can be 
observed by modeling in NSF-I.32 bound to the 
non-hydroiyzable ATP analog AMP-PMC, 41 
suggesting that ATP binding in one subunit drives 
ATP hydrolysis in the adjacent molecule. These 
structural and biochemical results provide a mech- 
anism to explain previous kinetic proposals 38 ' 45 in 
which ATP is both a substrate and an allosteric 
effector. 

Model tor the RuvABC complex 

Double-stranded DNA can pass through the cen- 
ter of the RuvB hexarner (Figure 5(a)) that ranges 
from 25 to 35 A in diameter. This is in contrast to 
the unrelated phage T7 gp4 hexameric DNA hcli- 
cases, where unwinding is believed to be driven by 
translocation of only a single strand through the 
center, 40 and would explain why RuvB can translo- 
cate along DNA 37 but fails to act as a helicase in 
the absence of RuvA, 10 Biochemical data also sup- 
port both strands passing through the cen ter of the 
hexarner. RuvB appears to be able to migrate 
through interstrand psoralen crosslinks/** and pro- 
tects about 24 base-pairs of both DNA strands in 
DNase ( rbotprinQng experiments- 47 The 1.5 turns 
of iB-DNA within the central channel of the hexarn- 
er (Figure 5(a)) arc also consistent with the geome- 
try of the RuvA/Holliday junction complex* and 
closely resemble KM reconstructions of RuvB 
bound to plasmid DNA 35 in which DNA is bound 
at either end of the hexarner (domain I and domain 
III) surrounding an interior cavity (the gap 
between domain. II and DNA). 

Domain TIT of RuvB overlays well with other 
winged-helix domains (Figure 5(b)). Twu different 
DMA-binding modes have been observed for this 
family of proteins; 23 however, both involve faces of 
domain EI that are not oriented towards the DNA 
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Figure 5. Structurally implied 
RuvB/DNA ami RuvABC/Hnffi- 
day junction interactions, (a) The 
structurally implied path of duple* 
DNA through the RuvB hexarner in 
Ilolliuay junction branch migration. 
Domains I (blue) and HI (green) are 
positioned to interact with the 
DNA (black). The p2-cr4 loop forms 
a tight cOASlricilDn around the 
DNA and includes VaJ8o and 
LysS Q , identified as positions of 
domiruutt negative mutations in 
E. coli RuvB," and shown as red 
balls as are similar mutations in 
dcun&in Uf- Topological evidence 
suggesting that the DNA is melted 
or undfirwound 2I ' 3B '^ is not illus- 
trated here- (b) Superposition of Ave 

/\^~bftWt*£- s5Qi£*S £ *^*#Eh3JSi?- ^fttftfS *" v *w fa . - domain UU of RuvB (green) Onto 

tl\L* diphtheria toxin repressor 

V»iJ3Ur fSHfiSra (DbcR>-DNA co-crystal structure 

pie, PDB code 1DDN"). The 
utilizes the canonical mode 
for winged helix binding in wlueh 
the recognition helix (al5a and 
<x)5b in RuvB) lies in the major 
groove and the wing contacts DNA 
phospruite groups. This canonical 
binding mode 23 is most consistent 
with the positive diarge of the 
wing and net negative charge of 
the recognition helix. C* positions 
of residues critical for RuvB func- 
tion in this domain** are indicated 
by red balls and, excluding resi- 
dues involved in the Stabilization 
of the domain, include the positive 
charges and glycine of the wing 
and residues of the recognition 
helix that contact the DNA major 
groove, Flactng this face of the 
domain against DNA running 
through the hexarner (a) requires a 
60-<J0° rotation of domain 111 reM- 
tive 10 the AAA + -class ATPase 

domains 1 and Q. (c) Depiction of the RuvAB/f lolliday junction complex shows the RuvB hexamers (dark blue, pur- 
ple) on cither face of the KuvA tetmmer (yellow surface, PDB code lBDX y ). 'the orientation of the RuvB hexamec is 
derived from EM images indicating that the large lobe (domains t and II) face the KuvA hexarner. 14 The rings are 
rotated SO that domain III from one of the KuvG Rubunits is aligned with the DNA major groove, as puggested by the 
wingedlielix binding mode, and the rings are related by a 2-fold relation about an axis perpendicular to the page, 
'(he direction of die DNA migration and rotation is indicated by arrows in which two duplexes (red and blue) at* 
unwound and recombmed in the KuvA tetramer. (d) Depiclion of the RuvABC/HolJiday junction complex rotated 
90° relative to (a) showing the binding of the RuvC dimer to the face of the Tlolliday junction opposite RuvA. The 
RuvC dimer (red surface, PDB code lHJR^) is oriented so that the active sites face the phosphodiester backbone and 
the fit suggests that RuvC should make protein-protein contacts with RuvB, as suggested from biodiemical results. 6 




Ruv8 
RuvC 



in the hexarner asJ^mbly of ADP-bound confor- 
mations of RuvB (Figure 5(a)). Thus, unless 
domain III of RuvB possesses a third, novel bind- 
ing mode, this domain needs to be reoriented by 
60-90" to present the appropriate binding face 
towards the DNA passing through the central 
channel of the complex. A canonical winged-helix 
interaction is supported by both homology and 
dominant negative mutations (Figure 5(b)), the 



flexible random-coil linkage between domains IT 
and fTC, and a —20 u rotation of domain IE relative 
to domains I and II determirted by superimposing 
die T. imiritiirui RuvB structure and the T- thcrtno- 
philu$ RuvB structures CD. P. & J.A.T., unpub- 
lished results). If the rearrangement occurs, 
appropriate domain HI orientations may be forced 
by packing interaction between adjacent domain 
Ills that does nol occur in the crystal packing. 
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An ATP-bound state of RuvB modeled from 
NSl*-D2 (Figure 3) would force domain III into clo- 
ser proximity to DNA, consistent with both gel 
shift experiments' 1 * and DNase I. footprints in 
which ATPyS improve the protection of the 
domain HI side of the footprint. 47 Winged-helix 
domains have been structurally characterized only 
widi dsDNA, and the RuvB structure suggests that 
RuvB may interact primarily with and translocate 
along both strands of dsDNA. Paradoxically, the 
helicase activity of R\ivAB possesses a 5' 3' 
directionality, 10 but has not been characterized 
independently of RuvA. The resolution of this pro- 
blem may be that strand specificity in th« in vitro 
helicase reaction may be due to differences in the 
way RuvA presents 5' and 3'-tailed substrates to 
the Ruvfl translocase and not to strand spedficity 
of RuvB itself. 

The large face of the KuvB hcxamer faces the 
RuvA tetramer" and can be associated with 
domains I and II from these aystallographic 
results (Figure 5(c)). This orientation of the RuvB 
ring places the disordered region between J lei 31 
and Aspl47 onto the RuvA contact region, which 
forms a crystal contact as a pair of interacting 
{J-hairpins in the T. thermophiius crystal form^ 
(C.D.P. & JAT-, unpublished results). Geometric 
constraints demand that only one or two RuvB 
sub u nits interact with the RuvA tetramer at any- 
one time. Interestingly, the RuvB subunit posi- 
tioned to place the winged-heKx domain into die 
DNA major groove is also the subunit positioned 
to interact wid\ RuvA. An RuvC dtmer fits in the 
RuvAB/Holliday junction complex (Figure 5(d)) 
such that the active sites can generate two sym- 
metrical cuts, consistent with generic and bio- 
chemical data indicating that RuvC functions in 
concert with RuvAB. 13,1 * 

Structural implications for RuvB-driven DNA 
translocation and branch migration 

Branch migration by the RuvAB complex 
requires a screw motion of the DNA (Figure 5(c)), 
which includes both translation al and rotational 
components. The result of this motion is to change 
the identity of the bases being migrated through a 
DNA pathway defined by the backbone, but not to 
move the pathway itself. This restriction makes 
any proposed RuvAB mechanism different from 
the proposed single-stranded. (ss)DNA migration 
models in T7gp4, in which simple translation of 
the DNA can occur along with motion of the back- 
bone positions- 411 Two classes of different, testable 
models can be proposed for branch migration by 
RuvAB, both of which are influenced dramatically 
by the nxed nature of the backbone pathway and 
cannot be distinguished by current experimental 
evidence. 

The first class of models would involve a fixed 
RuvAB interaction, in which RuvB molecules 
remain fixed to RuvA once die complex i* formed. 
In this class of models, only one or two subunits 



will be in the correct position to perform work 
during the branch migration reaction due to the 
fixed DNA backbone pathway, in this scenario, the 
arginine finger motif may function to prevent was- 
teful ATP hydrolysis prior to multimci- assembly 
or trigger ATP hydrolysis in the active subunit 
once conformational changes due to ATP binding 
have occurred. The topological distortions 
observed for trapped RuvB-DNA complexes 21 ' :,MIJ 
may arise from distortions in the ATF-bound state 
of RuvB that are unable to relax without ATP 
hydrolysis. 

The second class of models would provide for a 
rotating RuvAB interaction, in which RuvB mol- 
ecules rotate into and out of the active position in 
response to ATP hydrolysis (Figure 6), Rotation of 
the RuvB hcxamer relative to RuvA could be dri- 
ven both by interaction with die DNA template 
and the nature of the RuvAB interface itself. This 




Figure 6. Structurally implied irifcclianism for branch 
migration. Illustration of a mechanism for RuvB branch 
involving a rotation of the RuvB hcxamer 
(green, cyan, and blue subunits) relative to the RuvA 
lelramer (yellow bar). Stepwise migration of the UNA is 
indicated by motion of the circled numbers through the 
Center of the hexamer, although ihe fundamental trans- 
location step size is unknown. The 2-fold symmetry of 
the loading of the nucleotide binding sites is based on 
pie-steady state kinetics of KuvB, which hydxolyzcs two 
ATP molecules per hexamer. 3 *'* 5 The starting state (a) 
with two ATP and two ADP molecules is inferred from 
the optimal nucleotide ratio (2 ATPyS:! ATP) for fomi- 
rny tOpOlO&fcaUy underwound DNA/ 1 -^ 0 eqmvatent to 
step (b), and the productive arginine finger geometry 
observed in the AMP-PNP bound NST-D2.* 1 ATP 
hydrolysis in step (b) may drive rotation of the RuvB 
hexamer (c) by opening of the ADP-bound state along 
DNA as well as through interactions with RuvA. ATP 
serves as an allusteric effector for ADP release/ 15 which 
jnay be driven by interface changes between subunils 
that may be released after rotation (d) or during 
rotation. Hydrolysis of ATP by RuvB is kinetically rapid 
and ADP release is slow. 45 
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model is also consistent with biochemical data 
suggesting ATP is both substrate and allosteric 
effector, 3 *-* 5 inducing ADP release in other binding 
sites, likely due to the influence of AIT-induced 
domain I.- 1 1 changes upon the hexamer interface 
(Figure 4(b)). The orientation of the orginine ringer, 
which Likely triggers hydrolysis in the ATI' bound 
form, would be consistent with the required coun- 
ter-clockwise screwing of DNA through the 
RuvAB complex (Figure 6). Topological distortions 
for trapped KuvB-DNA complexes may be due to 
a symmetry mismatch between the hexameric 
RuvB ring (60° steps from the six subunits) and 
DNA (36" steps from the ten base-pairs per turn). 

For the rotating RuvAB interaction, RuvA may 
function as an adenine nucleotide exchange factor, 
driving AW/ ATP exchange in the bound JRuvB 
molecule and driving RuvB rotation once ATP is 
hydioly^ed. RuvA improves the ATPase activity of 
RuvB with and without DMA, 45 increasing the JC fll 
of RuvB for ATP by seven to eight-fold and maxi- 
mizing the hydrolysis rate at an 8:6 RuvA;Ruvr3 
Stoichinmetxy, which is the maximum nuntber of 
tetramers that can stcrically interact with one face 
of a RuvB hexamer. The isolated C-terminal kuvA 
domain that binds RuvB inhibits ATP hydrolysis, 50 
possibly representing a state in which each RuvB 
subunit remains bound to a RuvA domain and 
ATP. 

These structural and mutagenesis studies of 
RuvB suggest in detail how RuvB utilizes the 
AAA -f* -class ATPase fold to convert nucleotide 
binding and hydrolysis to mechanical action in the 
migration of HoUiday junctions. The structural 
results Strongly suggest that domain-domain 
motions triggered by nucleotide-bound states 
drives the hexamer subunit-subunit conformational 
changes. Addition a lly, the helix formed by the 
ADP-bound RuvB strongly suggests that asymme- 
try is key to function of the hexamer, and the argi- 
nine finger provides a mechanism to couple 
sequential hydrolysis beLween adjacent subunits 
potentially producing a wave of ATP hydrolysis in 
the ring. These results can be interpreted in terms 
of either rotating or fixed RuvAB translocation 
models, neither of which is clearly distinguishable 
with current data. These results provide a frame- 
work to experimentally address a number of 
important questions regarding RuvB function, 
including determination of the step size and the 
number of nucleotides hydroly'/.ed per step, eluci- 
dation of the atomic structure and the permanency 
of the RuvAB interaction, and delineation of the 
functionally relevant nucleotide-loadcd states of 
the hexamer during branch migration. 

Experimental Procedures 

RuvB expression, mutagenesis, and 
biochemical characterization 

T. mariiinui RuvB wan overexpressed recombuiuntly in 
E. coli and purified us described 1 1 The Fefenomethio- 
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nine-nieorporated protein was generated by cloning the 
RuvB expression plosmid into ' methionine auxotrophic 
E. cnli strain B834 (Novugeit) followed by expressing in 
LeMaster's defined medium with mcfluonine replaced 
with 50 mg/1 of D^-seJenomerhinnine (Sigma). T. mariH- 
ma RuvB mutants were generated per fanning the Quick- 
Change TCR prutoeoi (Btraiagene) on the pF.Tilc 
expression construct. 21 

RuvB DNA-dependent ATPase activities were 
measured using a culorimctric assay that detected the 
release of inorganic phosphate 21 using 5-20 ug of protein 
per reaction. Branch migration assays utilised T. vumUmu 
RuvA and Molliday junctions prepared as described , 51 * 52 
Briefly, HoUiday junction arms were generated using 
PCR Snap back products and these arms were then 
annealed at 70 V C, Products of RuvAB branch migration 
for these substrates are heterudupleXCS. Importantly, use 
Of mismatches In the Holliday junctions forces the reac- 
tion to be energetically dis favored, preventing thermally 
driven migration of the junctions. Keactions were ana- 
lyzed using native polyaeryJamide gels and were stained 
wjrh erhidium bromide. 



Crystallization and X-ray structure determination 

Crystals of RuvB were grown by vapor diffusion in 
Sitting drop plates against t M 1,6-hexanedioI, 100 xnM 
CoCla, 100 inM sodium acetate (pi I 4.6). Crystal* were 
cryocooled in mother liquor supplemented with 20% 
(w/v) glycerol. X-ray diffraction data were collected, ar 
Ihe Stanford Synchrotron Radiation Laboratory (SSKL), 
the Advanced Ught Source (ALS), and the AdvajKCd 
Photon Source (APS)- Data were processed using Denzo 
and Scalepuck.^ 

Que strong initial KjPtfCNk site was identified 
through isOillorphoxiS and anomalous Pattersons, and 
other derivative sites were subsequently identified by 
cross-phasing. Protein phases were generated with 
MLPHARK in the CCP4 package,** and 'an initial struc- 
ture was built with Xfih 55 Refinement was performed 
with CNS version 1J> SA by using the maxim urn- likeli- 
hood target function with 10% of the reflections omitted 
from the refinement for cross -validation testing 57 with 
manual inspection and rebuilding into OA -weigh ted 
ZF^-F,^ and - P«i c electron density maps with 
Xfit. The methionine positions of the refined structure 
were verified through isomorphous difference Fourier 
maps calculated by using data from the selenoinethio- 
nine-substituted protein (data not shown). 



Identification of ADP in the crystal structure 

ADP was identified by examination of the bound 
nucleotide density and verified with a standard ATP 
regeneration system in which ATP formation from ADP 
is linked to NADH oxidation with pyruvate kinase (PK) 
and lactate dehydrogenase (LDH) and measured spech'O- 
photomelr)C3.1iy (I 3;lo = 622cm'" 1 mM" 1 ). Typical reac- 
tion conditions contained the following: 5 mg of acid- 
denatured RuvB, 1 rnM pJiosphoenolpyruvate^ 25() v uM 
NAOR, 20 units of LDH /ml, 40 uniis of l J K/ml, and 
5 mM DTI" in 200 rnM Hepes (piH 7.5). Data from the 
assay indicate that «^50% of the purified protein was 
bound to ADP (data not shown). 
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Small-angle X-ray solution scattering 

E. coli Ruv» was expressed from the pEAW.112 plas- 
mid and isolated by using published protocols. 5 Hexam- 
ers were formed by concentration and isolated by gel 
filtration on a Superuse-12 column In 20 mM Tris-T TCl 
(pH 8.0), 50 mM NaCl, 1 mM DTT. Scattering; data were 
collected at the SSRT. beamline 4-2. For each concen- 
tration, the Cuinier region of the smalt-angle scattering 
was linear. D m;M; , and /(0) were derived from exper- 
imental data using GNQM. 5 * Spherical harmonic recon- 
structions were genera Ded using SASH A 3 * 3 * and fits of 
the computational hexamcrs were calculated through 
CRYSOL* 

Protein Data Bank accession numbers 

Coordinate; fur native RuvB and the Lys64Arg, 
Alal56£fer, ThrlSBVal, Argl70Ala, and. h-o2l6Cry 
mutants have been deposited in the RC5B Protein Data 
Bank under the entries VM, 1TN6, 1EM5, 1IN8. 1LM7, 
and 1)7 K, respectively. 
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A human protein (RUVBLl), consisting of 456 amino 
acids (50 KDa) and hifjhly homologous to RuvB, was 
identified by using the 14-bDa subunit of replication 
protein A (hsRPA3) as bait in a yeast two-hybrid system- 
RuvB i* a bacterial protein involved in genetic recom- 
bination that beam structural similarity to subunita of 
the RF-C clamp loader family of proteins- fluorescence 
in situ hybridisation analysis demonstrated that the 
KUVTBLl gene Lb located at 3q21, a region with frequent 
rearrangements in different types of leukemia and solid 
tumors. RUVBLl co-immunoprecipitated with at least 
three other unidentified cellular proteins and was de- 
tected in the UNA polymerase 11 holoensym* complex 
purified over multiple chromatographic steps. In addi- 
tion, two yeast homology scKUVBJU and RcItTJVBL2 
with 70 and 42% identity to RUVBLl, respectively, were 
revealed by screening the complete Saccharomyces cer- 
evUiae genome sequence- Yeast with a null mutation in 
scRUVBLl Was nonviable. Thus RUVBLl is an eukary- 
otic member of the RuvB/clamp loader family of struc- 
turally related proteins from bacteria and eukuryotes 
that is essential for viability of yeast. 



Genetic recombination plays a critical role in maintaining 
gene diversification through chromosomal rearrangement and 
also genome stability through the repair of DNA damage. The 
activities of many proteins arc required for recombination. In 
bacteria, lor instance, KecA protein with the assistance of sin- 
gle*stranded ONA-binding protein promotes strand exchange 
with a homologous duplex and creates a four-strand interme- 
diate Or Holliday junction. The latter is then translocated by 
RnvA and RuvTJ proteins through branch migration and re- 
solved by RuvC protein to yield recombinant PNA products (1>. 
RuvB protein is a DNA-dependent ATFase and helicase that 
forms hexameric Tings and has a low intrinsic affinity for DNA. 
RuvA is a structure-specific DNA-binding protein that has a 
high affinity for Holliday junctions and interacts with RuvB to 
form specific complexes with Holliday junctions. The presence 
of RuvA facilitates RuvB -mediated ATP hydrolysis and branch 
migration (2, 3), 

Recombination activity has also been identified in eu- 
Jcaryotea and may be related to cell cycle progression. The 
Holliday intermediates in yeast accumulate to the highest level 
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and become detectable during S phase (4), A yeaet homolng of 
bacterial RecA, RadSl, is essential for spore formation during 
meinras (5). RadSl mRNA is significantly increased during 
and is also regulated during the mitotic cell cycle, with 
the highest levels found at the G x /S boundary (6, 7). Homolo^s 
of bacterial KccA are al?0 found in other eukaryotes, including 
XenupuS latiVte, fMium Ipngiflorum, Neurospora crassa, Arabi- 
dopsis Lhaliuna , mouse, chicken, and man (8), suggesting that 
the machinery involved in recombination ia highly conserved 
among all OTganisma from bacteria to niau. Consistently, sin- 
glo-stranded DNA-bmdinp protein is also functionally con- 
served through evolution. Human single-stranded DNA-bind- 
kig protein, also known as human replication protein A 
(hsRPA), 1 is a heterotrimcr of 70, 32, and 14 kDa subuilite. In 
both man and yeast, RPA serves as an important accessory 
factor in pairing and strand exchange carried out by RadSl (9, 
10). 

Recent evidence suggests that recombination proteins may 
be physically associated with proteins involved in transcrip- 
tion. Tumor suppressor p53> a transcriptional activator for 
many important genes, has been demonstrated to interact with 
hsRPA (1.1) and with hRad51 to inhibit the activities of liRadSl 
in recombination (12). Tumor suppressor BRCA1 co-localizes at 
nuclear foci with hRadSl during S phase and co»immunopre- 
cipitatea with the same (13). However, BttCAl is also a com- 
ponent of the RNA polymerase H holoensyme (VI) and has been 
implicated in transcriptional activation (15). Thus proteins like 
RadSl and tvPA, likely involved in recombination, physically 
interact with proteins involved in transcription. 

In this paper, we report the identification of a human protein 
(KUV13L1) related in sequence to bacterial RuvB by using the 
14-kDa subunit of human RPA (hsRPA3) as bait in a yeast 
two-hybrid system. The RUVBLl gene is mapped to 3o21, a 
region with frequent rearrangements in different types of leu- 
kemia and solid tumora (16, 17). About 30% of the total cellular 
RUVBIO co-purifies with the RNA polymerase II holoenzyme 
over multiple chroma tograpiiic steps. In addition, two yeast 
homologs scRUVBLl (GooBank™ accession number S 52968) 
and scRUVBL2 (GenBank™ accession number S6.1029) with 
70 and 42% identity to RUVBLl, respectively, arc revealed by 
screening the complete Saccharomyces cereots/ac genome se- 
quence. Knockout of hcRUVBLI dumonstratcs that scRUVBLl 
is essential for growth. Thus, RUVBLl is an essential protein 
(in yeast) and is partly present in the RNA polymerase A! 
holoenzyme complex. 



1 The ubbrcvuitiijn* uwd :ir*t KPA, replication protein A; hs, Homo 
sorpiensi pol fl, RNA polymefa$e II; kb, kilobase pair(s); DTI*; dithio- 
throitol} I'lVlSf, phenylmethylsulfoayl fluoride; PAGE T polyacrylamide 
gel electrophoresis: GAPDU» j£ly^rali:Joliyrfc : -3-phfiP.phato. dfthydragen- 
ase: OSl\ fflutnthione S-lruTi.sfvr-.iso; CBP, CREB-bindiag- protein; bp, 
base pmr(a). 

Thb poper is available on line at http^/www.jbc-orjj 
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EXPEB.lMJfWAL PROCEDURES 
Cloning and Sequencing- -pA5l-haRPA3 was constructed by tran$fer- 
ring the EcoRhXhvl fragment otpKGRPAtf (1*) to pA32 (CLONTECH). 
hsRPA$ vw.i« expressed as a fusion protein containing a Gal4 DNA- 
binding domain in yeast Yl&O (19). A human lymphocyte MATCH- 
MAKER cDNA library (Cl-ONTECH) waB usad for ycust two-hybrid 
interaction with hsRPA3. The transformation and selection procedures 
wore performed uccording to the CLONTECH manual with alight mod- 
ification*. The library plasrnida harboring RUVBL1 cDNA were ex- 
tracted from the screened yeast and sequenced. RUVBLl cDNA se- 
quence has been deposited in the GenBank™ (accession number 
AF070735). 

Fluorescence in 3H<j- Hyhridization — An — 4.8-fcb human genomic 
clone containing: RUVBL1 was identified by serening a human pla- 
ce n to genomic library (CLONTECH) tiring the RUVBLl cDNA as 
probe. Tl>* genomic clone was labeled with dijcjoxigenin-ll-dUTP as 
described <20). Hybridization of rnetaphase chromoBOme preparation;: 
from peripheral blood lym phocytes obtained from normal human mains 
was performed with the RtP/BLl gene at 15 j&gfail m HyhriRol VI 
according to a previously described raethud (21). 

Cell Cnllurt}-~ Human WLlfc fibroblast*, 293T transformed ombry- 
onie kidney cella, ot Hc.La culls were grown in Dulbecco'a modified 
Eagle's medium supple manted with 10% fetal bovine scrum. 

Anti-llUVBLl AnLU#*iy f Immunoprecipitation, and Imrnunvblol- 
ting— Anti'RUVBLl antiserum was raised in rt robhit using a recombi- 
nant Hiv^S 6 * 3 fragment of RUVBLl containing amino acids G 1-456 
Created hy cloning the rnigmuut of RUVBLl cDNA into the Xkol site of 
pRSETC (Invitrogcn). The antibody was further immunopurified from 
the antiserum uainK purified RUVBLl as antigen. Iramunohlntting was 
performed awarding to standard protocols. 

2<>3T cells were labeled with l Bti S} methionine for 6 h in methionine- 
free Dulbecco's modified Eagle's medium following a 4-h starvation and 
lyaed in KiPA buffer (.150 >am NaCl, 0.1% SDS, 0.6% sodium dcoxy- 
cholate. 1% Nonidct P-<tO, SO ium Tris-HCl. pll 8.0 , 1 mM PTT» and 0.1 
mM PMSF). The lyaate waa preclearod with prcimmpna eerum bound to 
protein A-Sephorose for 1 b followed hy a 1-h incubation with uuti- 
RUVBLl antiserum in the above lysis buffer. The precipitated complex 
waa loaded on a 12% SDS-PACB gel, and delected by autoradiography. 
To ensure that co-immunoprecipitating protein* were not a result of 
cross-re a ctintf antibody, interactions were disrupted by lyaing cells in 
X% SDS at 100 °C. Samples were then diluted to R1FA buffer condition:; 
and immunoprecipituted with the same antibodies. 
. Northern Blot (RNA) Analysis— Total RNA was extracted from HeLa 
cells ;vs de&cribed (22). 10 fig of ItNA/Linu was .separated on a formal- 
dehyde-agarose gel and blotted to a nylon membrane. The blot was 
hybridized at 42 *C with a fragment of RUVBLl cDNA encoding amino 
acids 61-456. The membranes were abo hybridised with a 1.3-kb 
J#/i<lTTI.P<:iI cDNA fragment of glyeerMldehydi^3-phosphate dehydro- 
genase (CAPDIl) and cDNA fragments of 1.7 and 1.4 kb containing the 
entire open reading frames of cycling 13 and E, excised out of RcCyclin 
B and HcCychn E pluamids with jfiftndlll and Xbai (23). 

Purification of RUVBLl Expressed in Insect Cellv— FulWength RU- 
VBLl coding seMufcnce waa cloned into BamJcU/Xhol sites of pFastEac 1 
(Life Technologies, Inc.) and transposed. Into a hacmid following the 
transformation of DH10 Bac (Life Technologies, Inc.). Then baculuvirus 
hearing RUVBLl was harvested from Sf9 insect cells transfceled with 
the hacmid and ftmployed to infect High 6 insect co)1m in Glee's insect 
medium supplemented with 10% heat- inactivated fetal bovine scrum. 
The infected High 5 cells were harvested and lysed in lysis buffer (60 
mu Tris acetate, pH 3.50 mat KOAc, 1 mas Ism'A, 10% glycerol, 1 mM 
DTT, 0.5% Nonidet P-40» and 0.1 mat FMSf ). The lysate w«s first 
passed through phesphocclluto.se column equilibrated with TOGO 
buffer (20 mM Tris acetate, pH 7.7, 1 mM EDTA, 10% glycerol, 1 retf 
DTT, and 1 mM PMSF). The flow -through (fraction 1) was directly 
louded onto a Q Sepharoao column oquUlbrated with 30 iiim KOAc in 
TEGP buffer and eluted with a 5U-600 mM KOAc g>T<dient in TEGD 
hufTer. RUVBLl was in the 200 -350 mw KOAc traction, following 
overnight dialysis in TTCGD baffer plus GO mM KOAc. the above fraction 
containing RUVBLl (fraction 2) was loaded onto a Mono Q fast protein 
liquid ohrtmiatography column equilibrated wil.h 50 mw KOAc in TEGU 
buffer and eluted with a 50-350 ium KOAc giadient in TEGD bufier. 
RUVBLl was cluted ynih ^260 jum KOAc and precipitated wiLh SO^A 
saturated amruojitum aultate for 1 h. Ilie preripihitt» waa diaeolved in 
RUVRT.l storage buffer (20 mM Tris acetate, pH 7.7, 50 mM KOAc, 10% 
glycerol, 0.02 mM EDTA, 1 mM TYTT, and 1 mjvt PMSF), dialyzed in the 
same butfer at * "C. stored at -70 "C. RUVBLl was followed >ti Lhc 
^l«iv(! different steps by SDS-FAGK of faielJmus ;ind Western blot witl^ 
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uRUVBLl antibodies. Tlxe RUVHIil protein purified over those steps 
was at least 95% pure. 

ATPuse Always— ~ Two aseayB, a TLC assuy and a criuptal ftpectropho- 
tomati'ic assay, have been used to niea?ure ATFase activity of bacterial 
RuvB. They are suitable fo* measuring ATP hydrolysis rules ut ATP 
coneentnAtiOMS below and above 125 jam, reypertivttly. In the TLC assay 
(24, 2fi), reactions were carried out at 37 - C in the abaence or presence 
of various DNAs includinft ftingle-stranded or doublc-strunded linear 
DNAs, drwdor pU^mid or phage DNAs, and synLhctieHalliday junction 
DNAs at 20-200 uM (nucleotides). Th* reaction mixtures contained 20 
mm Tria-HCl at pE b.8-8,0, 1.-32 mM MgCL, 1 mM DTT. 100 ag/ml 
bovine aerum albumin, 25-1300 mM ATK 40 ^tCi/ial [a-^PJATP, 0-^0.5 
hsRPA (18), and 0.6-4,0 fxU purified RUVBTA. Th* rftactiona were 
.■stopped by addition of EDTA to 40 mM. Afiqaots (1 *il) of reaction were 
h potted at various time points (1-60 rain) onto polyethyleneimine- 
celiulostf TIjC platnss, which were developed in 1 M formic acid/0.5 m 
LiCl. HydrolvMlfi of [o-^FlATP into l« ai P]ADP wa ft dfttermioed by 
autoradiograhpy. 

The coupled spcctropholn metric assay in which ATP hydrolysis was 
coupled with oxidation of NADll (24) employed pyruvate kinase and 
laeUi ixf dehyrlrogenase as an ATP rcgeneratirm System in addition to the 
reaction components supplemented in TLC aseay. Because the oxida- 
tion of NADH can be detected at 380 nm by spvetropholuineWr, 
[a^^ATP war. omitted from the reaction mixture. An NADH extinc- 
tion coefincient of tf M0 = 1.81 niM" 1 em' 1 was used to calculate the rate 
of ATP hydrolysis. 

Branch MignilifUi and DNA Uedcase Assays — Two zw\y* un'mR Ayn- 
fcholie Holliday junctions and primcr/templaU* duplexes as substrates, 
i*ftspsctively, were employed to measure branch migration and helicase 
activity of RUVRT-l. Synthetic Holliday junctions were prepared essen- 
tially ao described pi'eviously (26). The asymmetric Holliday janction 
was constructed from four oligonucleotides (oh'goa 1-4) with 88 or 89 
bases. 01igo-l was 5' * M P- labeled prior to annealing using T4 polynu- 
cleotide Vjnasa and ly :i *P)ATP. Annealed junction* were purined by gel 
electrophoresis. The partial duplex markers used in the experiment 
shown in Fig. 42? were prepared by annealing 200 ng of 3J P-U\beled 
uliKO't with excess oligo-2 or -4. To determine th« activity of RUVBLl, 
the reaction mixture <2i) jil) ci>ntftinnd -2.5 ng of aa F-labeled synthetic 
Holliday junction DNA in 20 mM Tria-HCl. pf l 7.6. 10 mM MgCl 4 . 1 mM 
dithiothreitol, 100 ng/ml cervine serum albumin, 1 mw ATP, and 0.6- 
d.O iiM RUVBLl (26). Reactions lasted far min at 37 °C and were 

stopped and dcproteinUed by the addition of 2 ul of 10* stop bufTer to 
a final concentration of 20 mM Tris-IICl. pH 7.5, 2$ mM EDTA, 0.5% 
SUS, and 2 mg ml 1 proteinase K, Tl^o samples were analyzed using a 
6% polyacrylamide gel with a Tria borate butter system. a2 P-Lnbclcd 
DNAii wi^re detected by autoradiography. 

For simple helicase assayy two primer/template duplexes were pre- 
pared in the same manner as the synthetic f loll iday junctions. Two 
template oligonucleotides, 5* to 3' template and 3' to 5' template were 
ased with their 3' and 6' ends, n^pcctivaly, annealed to the "P-labeled 
primer. The DNA sequence* for theee oligonucleotides ore the 
foUowings; primer. 5 ' *TGGTATG CTCAG CACl GCAG CC AGG ATCAT- 
0'; 5' tu 3' template, 5'-TCTCCCiATAGTGAGTCGTATTTTTGATCC- 
TC C CTC CAGTGCrCACCAT ACC A-3 ' ; 3' to G' template, 5'-ATGATO- 
CTGGGTGC AGTGCTC A CCTTACCTTCTCC CTATACltlAGTCGT AT- 
TT-3'. Reaction mixtures contained .10 my Tris-HCl, pH 8.0, 6 mat 
Mf<Cl ft , 1 mM DTr, 2 mM ATP, 2 mM dATP or OTP or riNTP or NTP, 400 
^g/ml bovine scrum nlhumin, 2.15 iim of the annealed duplexes, and 1 /4.M 
RUVBLL Pollowiag 2 h of incubation ut 30 fl C, the reactione. wei«e 
stepped by addition of stop buffer to a final concentration of 0.33% SDS, 
17 mM EDTA, 14% glycerol, and 0.01% bromphenol blue. The samples 
were analyzed on an 16'#> polyactylamide gel with a Tris borate buffer 
system. ^P-Labo.lod DNAs were detected by autoradiography. 

Purification of RNA Polymerase II Holoenzymc—VQ\ U holoen^yme 
was purified from HeLa whole cell cxtracta through Bio- Rex 70 column, 
sucrose step jrraditmt, and nickel nitrilotriacetata n3 described previ- 
ously (14, 27). PuJl-dfAvn of RNA polymerase holoenzyme from cell 
extracts hy CST-OBP (containing amieo acid rv-ftidue* 1A05-1890 of 
CBP rliscd to glutathione ^-translex'aee) or GST-BRCAl (containing 
amino aeid residues 1560-1863 of the familial breast eaneer «ti$i:npti^ 
bility ijene product. BUCA1) has alan henn described in detail (27, 28). 

sclWV&Ll Knochotii and Rar^iie in Yeast — scRUVBLl was amplified 
from yw.t genomic DNA using polymerase rh;jin n^actioti primer 1 
(5'-CATGCCATGGTCGCTATCAOTCAACTCA-3'; the ATG 
corresponding to the initiator methionine of scKUVBLl, GonBank™ 
acccssiun. number SG2D68> and primer 2 (5 -GrGGGGATCCTTAGAAA- 
TAATTTGCCGAAGTT-3'; tho '1TA is antise»y*-. to th* termination 
codon TAA of the ncRUVBLI sequence). The 1.4-kb product containing 
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the entire open reading frame of scRi;VBLl waB blunted at the JVcoI 
site (by polyrnOraso nil. in reaction) and inserted into pKS 1 (StraUiKunc) 
between tlu4 EcfiRV and BamHl sites in the polylinker. To Knockout 
ScRTJVBLl, pKS*-RcRUVBLl was digested with BflJl and tfwRV, re- 
moving a 420-bp internal segment of the scRUVBLl gene. This internal 
segment was replaced ty * 1 2-kli Hindlll fragment carrying tho URA3 
gene such that it waa flanked by 630 bp of the 5' and bp of the 3' end 
of scRUVBLL The entire kKUVHL1-'URA3 cassette wns amoved from 
the plasmid with Sell and JBcunrTI and transformed into the diploid 5. 
cerevisiae a train YSB455 (MATa/MATu ura3-52/ura3-&2 lev 2*1/ 
Icu2Al lrptA63/trplA63 his3A200/his3A'20O r/sliA202/lyij2A202). Sev- 
eral URA 4 " transibrmants were selected. Restriction digfeftt and South* 
em analysis of genomic DNA identified several colonics with Ruccessfal 
deletion of one copy of the gcRUVBI-J. gono. Sporulation and tetrad 
dissection -waa conducted for two iaduprndontly derived yeast strains 
with a deletion of scRTJVBLt a<*s>n1ing to standard protocols. 

To rescue the above ye-ist strains bearing a heterozygous deletion of 
$xRTJVBLl, a cDNA fragment containing scftUVBH "i**" reading 
frame was inserted into an ectopic exprftKftiflO vector Yep51 (18) be- 
tween Sail and 8(x/»FI sjiteft. Following transformation of the strains 
with Yeo51-$cRUVBLl, the tetrads were sporulatcd and dieintcted. The 
••.trains were also transformed with Yep51 or Ycp5l»RT.7VBLl instead of 
Yep51-acKUViJLl. To confirm the result* t>T dissection, each haploid 
was tested by patch-niuune: wiih L*«tftr strains MAT a met and MAT t< 
met, roaputf.ively. 

RESULTS 

Cloning of RUVBLl Using Yeast Two-hybrid System—Tho 
yeast two-hybrid system is a sensitive in vivo method tor iden- 
tifying penes encoding proteins that interact with a protein of 
interest. Using hsRPA3 (the 14-kDa subunit of haRPA) as a 
bait in the yeast two-hybrid system to screen a human cDNA 
library, we identified several cDNAs that encode potential 
hsRPA3-interaeting proteins including one for RPAl (the 70- 
kDa subuuit of hsRPA) and a l.S-kb novel cDNA. The latter 
encodes a protein of 456 amino acids (00 kPa), referred to us 
RUVBLl, and is a human bom a log of the recently iden tilled rat 
TBP4ntcractin£ protein (TIP49) (29). Amino acid sequences of 
RUVBLl and TIP49 proteins are identical except that Tie 291 in 
RUVBLl is replaced by Val in TIP*!*. As reported previously 
(29), TIP49 shares high homology with RuvB proteins from 
different bacteria including Thermits aytuiUeuS thermophilic 
(Ref. ,10; GenBank™ accession number U38840), Thermatoga 
marUimQ- (30), Mycobacterium leprae (GonBaiik TNf accession 
number U00011) and Burreliu burgdorferi (GenBank™ acces- 
sion number Y08885). As shown in Fig. 1, two regions or RU- 
VBLl (amino acids 26-88 and amino acids 277-425) are ho- 
mologous to the RuvB sequence of T. thermophilus (30). T 
thermophilic RuvB consists of 324 amino acids, and its amino 
acids 1-226 were aligned with the two regions of RUVBLl in 
Fig. 1 (A and B). The two homologous regions between the two 
proteina are 25 and 38% identical, respectively, and 4(1 and 54% 
similar, respectively. The regions of homology contain Walker 
A and B motifs but are not restricted to just those motifs. 
Walker A (Ox4GKT) and B (4 hydrophobic-DExH/N) motifs are 
involved in ATI' binding and/or ATP hydrolysis of DNA/RNA 
helicases (31, 32). RUVBLl contaius an insertion of approxi- 
mately 190 amino acids between the two regions. In a recent 
paper the bacterial RuvB protein was suggested to be structur- 
ally similar to snbunits of RF-C and other clamp loader protein 
complexes associated with implicative DNA polymerases from 
multiple species (33). In support of this, we note a moderate 
sequence homology between RUVBLl, RuvB, and DNA polym- 
erase HT, 7 and t subunits (GenBank™ accession number 
r!S80914) at Bacillus subtilis (Fig. IB). Interestingly, like RU- 
VBLl, the suhunite of clamp louder protein complexes have 
insertions of diilcrcnt sizes between the regions containing the 
Walker A and B motifs (Ref. 33 and Fi«. IB). Taken together, 
we suggest that RUVBLl is structurally a part of the RuvB/ 
clamp loader sub unit family of proteins. 



Two putative yeast genes were identified in the S. cerevisiae 
genome encoding proteins scRUVBLl and rcRUVBL2 with 70 
and 42% identity to RUVBLl, respectively. They are highly 
homologous to RUVBLl over both the regions containing the 
Walker A and B motifs and over the third inserted region 
between the two motifs (Fig. 1, A and &). Because protein 
complexes involved in DNA repair and replication are remark- 
ably well conserved in sequence and sobunit composition be- 
tween mammals and yeast, we anticipate that there are likely 
to be at least two related RUVBL proteins in humans. The 
human gene identified is more similar to scRUVBLl than 
SCKUVBL2 leading ua to tentatively identify it as RUVBLL 

The human RUVBLl gene was mapped to chromosome 3 in 
band q21 (3q21) using fluorescence in situ hybridization. Map 
position was determined by visual inspection of the fluorescent 
hybridization signals on 4»6-d.iamidino-2-phenylindole-dihy- 
drochlori de-stained metaphase chromosomes. In 18 of 20 mct- 
aphase preparations analyzed, hybridization signal was found 
to be present on the long arm of chromosome 3 in band q21; in 
12 metaphaise spreads both copies of chromosome 3 were la- 
beled; and in 6 metaphase spreads signal was detected on one 
chromosome 3. 

RUVBLl mRNA Expression Is Constant through the Cell 
Cycle — Because Rad51 mRNA is rejrulated during tho cell cycle 
(6, 7), it was interesting to determine whether the expression of 

RUVBLl is similarly regulated. RUVBLl mRNA levels were 
examined by Northern blot analysis of RNA from synchronous 
HeLa cells released from an M. phase block by nocodazole (Fie;. 
2). The progressive decrease in cyclin B and increase in cyelin 
E nlKNA levels indicates that the cells passed through G A and 
S Rynchronously. However, RUVBLl inRNA was detected at a 
constant level during the cell cycle in comparison with the 
GAPUH control. Thus, unlike RadSl, which shows increased 
expression in S phase ((J, T), RUVBLl mRNA is not cell 
cycle-regulated. 

A 60-kDa RUVBLl Protein Is Detected in Human Cell 
Lines — Antiserum against RUVBLl. was raised from a rabbit 
immunized With the HiS-tsfjged frapment of RUVBLl (amino 
acids 61—456) overexpressed in Escherichia colt. Western blot 
with this antiserum detected a 50-kDa protein of the expected 
size in the following human cell lines: 293T (embryonic kidney 
cells transformed with adenovirus and $V40 T antigen), MCF7 
(breast cancer ceils), HeLa (cervical cancer cells), and WI38 
(primary fibroblasts) (Fig. AA, lanes 1 and 2 and data not 
shown). 

Because bacterial RuvB alone promotes branch migration 
and hydrolyzea ATP, we asked if the same was true for RU- 
VBLl. RUVBLl protein was overexpressed in High 5 insect 
cells infected with a recombinant baculovirus. In comparison 
with uninfected cells, a protein of 50 kDa matching the pre- 
dicted size of intact RUVBLl snd three smaller breakdown 
products were detected in the infeeted cells by inununo blotting 
With anti-.RUVBLl antibody (Fig. 3A, lanes 3-6). Intact RU- 
VBLl was purified by conventional chromatography to >95% 
purity as shown in Fig. 3B (lane 2). 

Unexpectedly, the purified RUVBLl expressed in the iosect 
baculnvirua system did not hydrolyzc ATP. Fig. 4A shows tbat 
RUVBLl did not have any ATPase activity detected with TLC 
assay in the presence of 25 jim ATP. The results were still 
negative in the presence of higher concentrations of ATP up to 
1.3 mM usinj; belli the TLC and the coupled spectrophotometry 
assays under the different buffer conditions described under 
*Kxperimeuta] Procedures" despite the addition of different 
types of DNA substrates. There was no eukaryotic RUVB pro- 
tein to be used as a positive control, and the conditions required 
for u prokaryoLic RUVB protein may well be different from 
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X ( 1G. L. A. tho full-length sequence of 
KUVBM, aligned by GCG Pileup pro- 
gram to show tho identities with rull- 
length 3cKUVBT J (YDR190C on chromo- 
soine IV from coordinates 842032 to 
B40&41) and ycrUTVBL2 (YPL235W on 
chromosomu XVI from coordinates 
103232 to 10464?) as well as amino acids 
1-280 of oubncLttria T. thermophilu* 
HuvJi. The vhedrtl boxen indicate the 
matches between RT.TVBL1 and any other 
sequences. The dvtx indicate gaps intro- 
duced in the seQven<*ft far optimal align- 
ment. The sequence* marked A and B are 
die Walker A and B motif*. B, a schematic 
representation of the eukaryotic HUVBL 
proteins, bacterial T, Itivrtnnpfiilus RuvB 
protein and one example of a bacterial 
DNA polymerase clumn loader protein Cfl. 
subtilia DNA polymerase HI; Ret 42). The 
percentages of identity and similarity (in 
parenthesis) between each of the regions 
and the corresponding shaded regions of 
RUVBL1 are indicated. 
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Ft<s. 2. Expression of RIJVRLi niKNA through the cycle. 
Levels of RUVBLl mKNA in HcLa cells were examined by Northern 
blot aoutysia following the indicuLed hours of release from nocodazole 
block. Thu levels of cydin Si (expressed in G^M) and cychn £ (G A ) arrt 
shown ny *i rttfyrAACt of the cell cycle sty OAPDH is a reference of the 
amount of RNA leaded- The 20-h sample is overloaded (eoe GAl'Dtf 
control). 

tboee that are optimal for the eukaryolie RUVBLl. Thwti, High 
5 cell lysatc was utilized an a positive control to determine the* 
sensitivity of the assays in detection of ATP hydrolysis (laws 2 
in Fig. 4A, and data not shown). 

Tn the case of bacterial RuvBs, ATFasc activity if* required 
for hettcase or branch migration activities. Therefore, it was 
unlikely that the purified RUVBLl Should possess any heliease 
activity. Indeed, the purified RUVBLl failed to cause branch 
migration in a synthetic HoUi day junction substrate (Pig. 4J9). 
The RUVBLl protein also failed to displace the primer strand 
on the primer-template duplexes described under "Experimen- 
tal Procedures," suggesting that it did not have 5'-3' or 
heliease activities (data not shown). 

RUVBTjJ-a&xnciateti Cellular Proteins— Wc asked whether 
RUVBLl was associated with any other cellular proteins. Im- 
inunopreripitation of human cell lysate showed that RUVBLl 
was associated with at least three other unidentified proteins. 
293T cells were metabolically labeled with ( ai S1metfiioiune f 
and cellular proteins Lrninunoprecipitated with anti-RUVBLl 
antiserum. At least four bands Of 160. 70, 50, and 45 kDa, 
respectively, were identified following immunoprccipitation 
(Fig. 5, /a/xff B). To determine which band was from the direct 
interaction with anti-RUVBLl antibodies, the cell lysate was 
prepared in parallel by lyping cells in 1% SDS and denatured by 
heating at 100 *C for 10 min. As shown in Ian* D of Fig. 5, only 
a 50-kDa band was detected from the denatured lysate, indi- 
cating that the 50-k'Da peptide itself is RUVBLl, and the other 
three are RUVBLl-associated polypeptides. 

Although RUVBLl interacted with hsRPA in the yeast two- 
hybrid system, none of the RUVBLl co-precipitated proteins 
were recognized by antibodies against hsRPAl, h3RFA2, or 
h«RPA3. Therefore, we have not been able to detect a Stable 
complex between RUVBLl and hsRPA. No ATP.w or heliease 
activity was detected from the immunoprecipi tales. 

RUVBLl Copurifics with RNA Polymerase II Hohemymc 
Complex — It is possible that RUVBLl is present in a larger 
complex of proteins and that the immunoprecipitation condi- 
tio™ disrupted such a complex. Gentler chromatographic con- 
ditions were employed to examine this issue. HeLa whole cell 
extract was applied to a Bio-Rex 70 column and cluLcd with 
increasing concentrations of potassium acetate. RUVBLl was 
found in ail fractions, although most was detected j.n the flow- 
LhrOugh and the 0.6 m potassium acetate elute; the latter also 
contained about a half of pol 11 (Fig:- (IA). 

Because the 0.6 M Bio-Rex 70 fraction contains RNA pol II, 
we tested whether RUVBLl was in the RNA polymerase ho- 
loensyme complex. The 0.6 m Bio-Rex 70 column protein frac- 
tion was centrifuged through a sucrose gradient and analysed 
by Western blotting (rig, irB). RUVBLl and pol II appeared in 
a major peak centering on fractions 13-19. The holoenjtyme- 
specific polypeptides cyelin C and cdk 8 are aRsnoiaLed in these 
fractions (27). 'iluiR, RUVBLl co-oluled with the RNA pol IE 



oB-like Protein (RUVBLl) 
holoenzyme. 

Moloenzyme peak fractions from the sucrose gradient were 
then subjected to metal ehclato chromatography, and RUVBLl 
again co-eluted with pol If. (Pig. 6C). About 50% of RUVBLl 
bound to the metal chelate matrix and co-eluted with pol II in 
fractions 11-1.1. As determined before (14), following the metal 
chelate chromatography, the holoenssyme was purified abont 
400-fold. About 30% of Ihe total cellular RUVBLl co-purified 
with the pol II holocnzyme. 

Affinity matrices containing either residues 1805-1 890 of 
CBP or residues 1560-1863 of BKCA1 have been demonstrated 
to specifically bind the pol 11 holoenzyme (27). As shown in Jftg. 
G7>, RUVBLl was also detected in the complex pulled down by 
eithtx CBP or BRCA1, further Suggesting that RUVBLl ia 
present in the nol II holoenzyme. 

seRUVBLl h £$$i?ntinl for Growth— 'To test the biological 
importance of RUVBLl, one copy of seRUVBLl was deleted in 
diploid yeast by homologous recombination (Fig. 7A). Diploid 
yeast were transformed with a 2.2-kb linear DNA fragment 
containing the URA3 gene partially replacing acRUVBLl se- 
quence in open reading frame (Fig. 1 A, panel 6). Genomic DNA 
from transformed diploids was digested with BgH\ and probed 
on a Southern blot wiLh a 630*bp fragment of acRUVBLl. 
Homologous recombination at the acRUVBLl locus removes a 
B#ZII site in the gene so that the probe should detect a frag- 
ment of 4236 bp instead of a fragment of 1770 bp from the wild 
type Rene. In several of the diploids two bands of 4.2 and 1.8 kh 
were detected, indicating that the TJRA& gene was successfully 
integrated in one allele of seRUVBLl (Fig. 7A, panel c). Spor- 
ulation of these diploids and subsequent dissection of V2 tet- 
rads resulted in a segregation of 2:2 for viability following 
meiosis (Fig. 7JS, panel 1). All viable spores consistently lack 
URA3, which marked the deleted seRUVBLl allele. Micro- 
scopic examination of the spores that failed to grow up into 
visible colonies revealed only four or five large budded cells 
from each spore, suggesting that seRUVBLl"* yeast are nonvi- 
able. To further confirm this result, the yeast strain with het- 
erozygous deletion of seRUVBLl was transformed with a vector 
expressing ectopic seRUVBLl. 10 of 20 dissected tetrads grew 
into four viable colonies in the strains expressing ectopic seRU- 
VBLl (Fig. 7B, panel 2). Colonies from the dissected tetrads 
were verified as haploids by muting and segregated 2:2 for 
URA3 markers. In contrast, the strains transformed with the 
one containing human RUVBLl (Fig. IB, panel 3) or the empty 
vector (iftg. TB, panp.l 4) produced only two viable colonies for 
each of 20 tetrads. Thua, the defect in seRUVBLl" yeast was 
rescued by extrageoic scRUVTJLl under the control of a heter- 
ologous promoter but not by human RUVBLl. These data in- 
dicate that seRUVBLl is essential for viability Of yeast 8. 
CEttvisiae. 

DISCUSSION 

In the studies reported here, we identified a human protein 
RUVBLl that interacts with hsRPA3 in a yeast two-hybrid 
system and is structurally similar to bacterial RuvB. Tho RU- 
VBLl gene was mapped to 3q21, a region with frequent rear- 
rangements in different types of leukemia and solid tumors (lb", 
1.7). Thus, the assignment of the RUVBLl gene to 3q21 encour- 
ages us to investigate in the future whether this gene is close to 
the rearrangement breakpoint and whether the gene Or its 
expression is altered in tumors with this cytogenetic anomaly. 
In addition, two yeast homologs seRUVBLl and scRTJVBL2, 
which are 70 and 42% identical to RUVBLl, respectively, were 
revealed by screening the complete 3. cenvlsiac genome. Fur- 
thermore, we showed that RUVBLl is present in the RNA 
polymerase II hulocnzyine and that its yeast humulog seRU- 
VBLl is essential for growth. 
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Fio. 3. Idcnti^tiou and purifu^ion ofRUVKM-A iden^^ ofE^ 
lysate from 5 insect call, intoed (f«) or uninfc^ RUVBL1 fc SDS-PAGE and 

blotted with rabbit preimmunc uorvm or immune ^^^J^^^f^^f orSs c5u infected with baculovirus bvvrinft 
Coomasaie Blue staining. Lone 2» protmn marker; lane 2, purified RUVBLl, 3, the lyautc Qi t«fm o cous 
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Fkj. 4. Purified UUVBI-l had no ATPase rend helieas© activi- 
ties. A, ATPasce activity of RUVBLl was tested with TLC in tl» 
reaction mixtures containing 20 AIM Trta-HCl, pH 8.0, 20 aim MgCl 2 » 1 
ttiM DTT, 100 p#ml bovine pomm albumin, 25 uu ATF, <W pCi/ml 
[a- 3a P3ATP, 0.6 uM hsRPA, and either 0 ^ua (tone 2) ur 1-2 of 
BUVBLl (tones 3 and 4) in tbc ahsonce (fane i) or presunw on 00 /am 
(nucleotides) X phag*\ DNA uW* .3) or 20 tiM (nucleotides) synthetic 
Hdliday junctions (fane 4). Luna 2 was a positive control in which. 
TU.JVBL1 was replaced with Hi#h H cell lysate containing 0.5 mgrAnl 
protein in the absence of DNAs. Reactions were carried out for 30 min 
ut 37 *C, and the hydrolysis of ATP was assayed as described under 
•Experimental Procedures B, branch migration assays were carried 
out ua\np. 33 P-labeied synthetic Holiday junctions as Bubstrutus in the 
reaction mixtures without (lane 1) or with the purified RUVBLl at 1.2 
um (far* <0 or the KU VT3L1 -coo tain Intf fraction 1 (lane 2; 0.24 mf/ml 
protein) or fraction 2 (lane 3; O^o* nag/ml protein) as described under 
"Purification Of RUVBLl Kxpressed in Insect Cel^" under -Experimen- 
tal Procedures." Alter 30 min, the products were analyzed by gel elec- 
trophoresis and auU>radjofrrapby. Lanes 5 and 6 were the markers for 
partial duplexes, the product* expected following complete branch 
migration. 

Despite the sequence similarity betwecu RUVBLl and hue- 
terial RuvB, we have not been able to detect ATPase and 
helicaae activities using purified RUVBL1 expressed inbaou- 
lOvirUS. This failure could result rVom inactivation of the pro- 
tein during its purification from insect cells. Alternatively, the 
ahuence uf these activitiea may reflect ft requirement for addi- 
tional reaction partners. One candidate partner hi a RUVBL2 
protein. It is interesting that biochemical studies of the bacte- 
rial RuvB hexamer have shown that only two of the six sub- 
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FIG. 5. Determination of llUVJbXl-associntnd. proteins ^S-La- 
beled proteins in iinrlenatured (lama A and B) or denatured (lams C 
and i» 293T cell rysates were immimoprecipitated by- profiuimiUM se- 
rum (Zones A uwl O nr immune anti-ilUVBLl unti -serum Hunt* B and 
D\ separated on 12% SDS-FAtiE gel, and detected hy autoradiography. 
The polypeptide* seeo in the preimrounc lanes wer« nonspecific and 
variable between different experiment. 



units bind ATP (34), imliuaLivu uf a functional asymmetry in 
the RuvB hexamer. It is conceivable that a heturumer of RU- 
VBLl and RTJVBL2 ie necessary fur ATP hydrolysis and atrand 
diSplacennent activity. Ongoing biochemical studies on yeast 
RUVBL proteins will test this hvpothesia. A^ discussed earlier, 
the conservation of DNA replication and repair factor* between 
yeast and humans muke it likely that there ia a human RU- 
VBL2. Indeed, we have identified partial human cOtfA se- 
uuences that appear to encode a related protein with, more 
similarity to scRUVBL2 than to sclftJVBLl. Whether these 
sequences truly represent human RIJVBL2 will become evident 
once we have isolated full-length cDNA clones. 

ROVBL may require partners unrelated tn RuvB for its 
ATPase and helicase activities". Even though bneterial RuvB 
alone has weak AT.Pase and helicaso activities vitro, ite in 
vivo activities require RuvA as a partner (35). A £ood candidate 
of a RuvA homuloK is not obvious in the S. cerevisiae genome 
baaed en sequence analyaia alone. However, tJu's doe* nnt pre- 
clude the existence of such an eukaryotic RuvA-like molecule. 
As demonstrated in Fig. 5, RUVBLl is associated with at leant 
three other unidentified mcUbolica Hy labeled proteins. Per- 
haps one of thflse KUVBL-associated proteins will emerge as an 
eukaryotic KuvA hnmolop;, and our faillU^C to observe ATPase or 
helicase activities in Urn immtmoprecipitatea may be caused by 
antibody inhibition or .«jubstoichiometric amounts of the part- 



PAGE 33/60 » RCVD AT 8C/2005 1:45:41 PM [Eastern Daylight TimeJ « SVR-.USPTO-EFXRF-6/25 * DNIS:2738300 * CSID:515 334 6883 * DURATION (mm-ss):29-06 



08/02/05 TUE 13:03 FAX 515 334 6883 PIONEER HI -BRED DSM 



®034 



27792 
A 



•a 5^5 

O K q) W 

-J UU O O **- 



An Essential Euharyotic RuvB-like Protein (RUVBL1) 

A 



ngltl 




B 

Fraction: <-rt\or^ o>^«ii)S€»r; tpws 



Bottom 



RUVSL1 
Polll 

Top 




fraction: 



■ RUVBL1 
-PoMI 



3 

£0 



Fin. 6. RUVBL1 copuriHed with RNA pol n hoJoenzymo. A« 
IIcLa wlwlft cell extracts were chromatogrnphed on Bio-Sc* 70 matrix, 
and b0ui»<* proteins were step-eluted at 0.3 T 0.G, and 1.5 m KOAc. 
Protein eamplea from cuch fraction were subjected to STO-FAGE, and 
WuLs wete probed with RUVBM and pol II antibodies. B, the Bio-Rex 70 
0.6 m fraction wns subjected to centrifugation through a I0-G0% su- 
crose ffradient. After centrifutfOtinn, samples were collected and exam- 
ined by Western Wet wiOi antibodies against UOVBLl and pol II large 
subunit- 0, tractions from sucrose eediroeritation stup were pooled and 
subjected u> meLal uluriaU; cluuuialography. FiTictirm.i wmv. rhiti:d with 
A linear &-13D mil gradient ur iiuidazole. The indicated fractions were 
Subjected to immunoblot analysis and probed with uxdibodien specific to 
RUVBL1 and pol n larffft eubunit. D t GST fusion proteins G&T-CBP 
(18(H>-189Q) and GST-BRCM. (1560-1863) wore prcbovod to glutathi- 
one- agarose beads and tihon incubated with the fractions ftom Bio- 
Rux70 0.6 m ehition step- Follow \nZ v/aahiue; in buffer containing 0.25 M 
KOAc and 0.5% Nonidet P-4U, bound proteins were subjected to West- 
ern blotting and probed with biunonopurified anti-ftUVBLl uotibodieB. 

ner proteins. Additional proteins are also associated with RU- 
VBL1 under gentler conditions of extraction (c.^r- the polypep- 
tides of the RNA polymerase 11 holoenzyme complex). ATPaee 
and helicafie activities have been reported in the RNA polym- 
erase holoenzyme (30), and some of this may be due to KUVBL1 
and its partner*. Finally, RUVBLl was shown to interact with 
hsKPA'3 by the* yeast two-hybrid assay but not by iuimunnpre- 
cipjtation, indicating that low level or transient interactions of 
RUVRL1 with functional partners may be disrupted under 
conditions where the protein is extracted from cells. It may 
then be impossible to identify ATPaae and heiicase activity of 
RXJVBL1 until the functional complex is reconetituted Irom 
recombinant pToteins. Because we have a phenotype from the 
deletion of scKUVBLl, genetic complementation axperirncnts 
in yeast will answer whether the Walker A and B motifs of 
scKUVRLl are essential for the normal function of this protein, 
If the Walker A and B motifs prove essential genetically, bio- 
chemical experiments to demonstrate ATP binding (and hy- 
drolysis) by scRUVtfU (with or without putative paTtnerfi) 
may be more successful. 
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Fte. 7. adRUVBl-1 was essential for growth of yeast. A, deletion 
or one allele of acRUVBU. Panda a and b describe r^hematicaUy wild 
type and partially replaced acRUVBLl sciences, respectively. A dele- 
tion ot one allele olacRUVBLl was detected by Southern blot ot genomic 
ON A from scrUJVBLi " ' {panel i\ low D or rcRUVBLI ' '" (panel c, 
tone 2) diploids with indicated probe <icw rding to etandard protocols. B, 
diploid ycai3t with heterozygous knoclwiut Sit the rcRUVBLI locus were 
either sporuhited ?md directed directly (panel 1) or following transfor- 
mation with YcpSt-scRUVBLl {panel 2), Ycp5l-RUVBL1 {panel 3> f or 
YepSl (pantd 4). 

BHCAl, which co-locali5?cs and co-immunoprecipitatcs with 
hRad51. (13), is also a component of the RNA polymerase II 
holoenzyme (14), suggesting that DNA recombination repair 
proteina may be loosely associated with complexes involved in 
transcription. In this vein, it has also been noted that hRad51 
and hsRPA, both or which are involved in DNA recombination 
repair, arc present in RNA polymerase 11 holoenzyme under 
curtain conditions (.17). Recombination has been shown to be 
involved in the repair of mistakes ensuing Irom DNA replica- 
tion and may be required for the completion of DNA replication. 
For example, mutations in DNA polymerases, ligascs, topoi- 
someraaes, and DNA beb cases all lead to increased mitotic 
recombination. The viability of some replication mutant* also 
depends on recombination (4). These lines of evidence suggest 
that recombination plays a critical role in protecting genomic 
DNA n-om damage or miatakes. Genomic DNA in somatic cellii 
is exposed to exogenous and endogenous damaging species 
throughout life. It is very important to have mechanisms to 
repair damaged DNA prior to transcription. Nucleotide exci- 
sion repair has heen linked to transcription. Pvoteine involved 
in nucleotide excision repair are found physically associated 
with transcription factors like TFIErl, facilitating the efficient 
repair of transcriptionally active areas of the genome (38-40). 
Based on its homology to RuvB, RUVBL1 is expected to be 
involved in recombination repair. As discussed above, BRCA1 
is implicated in recombination repair because oi its association 
with hRadGl. ThiJB, the association of KUVBIA and BKCA1 
with the pol TI holoenzyme complex may indicate that some 
aspects of recombination repair is similarly linked to 
transcription. 
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Wc did not oxpect a cellule component involved in recombi- 
nation to be essential for viability. Although targeted disrup- 
tion of the ttnd51 gene leads to lethality in embryonic mice (41), 
a RadSl null mutant of S. cerevwiae'tfurvivoH (5). Of course, 
other proteiTiR in yeast may aubaUtute for an essential function 
Of Had51. It is poSBible tliat recombination re.pair Cuid ecRU- 
VRL1 are essential for accurate replication of the genome. The 
absence of ecRUVBLl may cause incomplete replication and 
result in cell death. Alternatively, if the co-purification of RU- 
VBL1 with RNA polymerase holoenzyme implies that RXTVBL1 
has an eflsentiul ronction in transcription, the nonviabUity of 
rcRUVBLI" y*a*t could be due to a global failure in transcrip- 
tion, Finally, there are other htjlicases in the RNA polymerase 
holoenzyme, including submiits of TFTIII and KNA hfthcade A, 
that facilitate the activation of transcription of flpecific promot- 
ers (35, 38). Thus, RUVBL1 may be essential tor activation of 
transcription of certain essential penes. In conclusion, the se- 
quence Homology and biochemical fractionation data on TIU- 
VBL1 suggest that it in involved in recombination repair and/or 
transcription. Whether or not these Or other unknown activi- 
ties of RuvB make ecRUVBLl essential for viability remains to 
be determined. 
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ABSTRACT Targeted gene disruption exploits homolo- 
gous recombination (HR) as a powerful reverse genetic lm>1, 
for example, in bacteria, yeast, and transgenic knockout miec, 
but it has not been applied to plants, owing to the low 
frequency oFIIR and the lack or rccombiiiogwiie mutants. To 
increase the frequency of HJ* in plants, we constructed 
transgenic tobacco lines carrying the Escherichia coli RuvC 
gene fused to a plant viral nuclear localization signal. We show 
that RuvC, encoding an cadonuclease that binds to and 
resolves recombination intermediates (HoHiHay junctions) is 
properly transcribed in these lines and stimulates HR. We 
observed a 12-fold stimulation Of somatic crossover between 
genomic sequences, a 11-fold stimulation of intra chromo- 
somal recombination, and a 56-fold increase for the frequency 
of extra chromosomal recombination between plasmids co- 
transformed into young leaves via particle bombardment Hi is 
stimulating effect may be transferred to any plant species to 
obtain rccombinogenic plants and thus constitutes an impor- 
tant step toward gene targeting. 



Gene targeting <GT) involves the di$r uption or replacement of 
an endogenous allele by one manipulated in vitro* This re- 
placement requires that after transfection into the target cell 
the transgene recombines with the target allele by homologous 
recombination (HR.) by virtue of sharing extensive sequence 
similarity, rather than integrating randomly by illegitimate 
recombination. As HR occurs efficiently in many lower eu- 
Varyotes such as budding yeast and in bacteria, GT has proved 
to be a very powerful reverse genetic tool to study gene 
function. The GT technology is also now routine, if not Still 
laborious in the generation of transgenic knockout mice, anil 
has provided models for human genetic disease and the role of 
homeotic genes in development (1). 

The mechanism of HR. has long been an elusive, yet 
fascinating, problem. Studies in prokaryotes and lower eu- 
karyotes have provided much insight into the nature of this 
process, the recombination intermediates, the genes, and the 
proteins involved (2- 4). The basic steps of HR are listed below 
together with the proteins required in Escherichia coli: (i) 
initiation of HR by a DNA double-strand break and/or 
single-strand DNA formation by the RcuBCD complex; {») 
exchaogfc of DNA strands, including homology recognition 
and strand displacement, done by RecA-)ike proteins; (w) 
heteroduplex extension with branch or bubble migration, 
performed by RuvA plus Ruvfl or RecG to yield a recombi- 
nalion intermediate, a four-way DNA junction named the 
Holliday junction; and (iv) resolution of this heteroduplex 
Holliday junction by the endonucleasc RuvC. Steps Hi and iv 
have only very recently been elucidated: in £. coli the RuvA 
and RuvB proteins (encoded on one operon) have been shown 
to form a complex promoting ATP-dependent branch migra- 



tion of Holliday junctions, a process of high importance for the 
formation of heteroduplex DNA. A second operon encodes 
RuvC and the orf-26 gene; RuvC is the endonucleasc that binds 
specifically, as a dimer, to Holliday junctions and promotes a 
subsequent resolution Of Holliday junctions. Mutations in 
RuvA, RuvB, or RuvC result in defects in recombination and 
DNA repair. Genetic and biochemical studies indicate that 
branch migration and resolution are coupled by direct inter- 
actions between these three Ruv proteins, possibly by the 
formationof a RuvABC complex (4). A RuvC homolog, CCE1 
(cruciform cutting endonucleasc), has been reported for mi- 
tochondria of Sacchnromyttex cerevisiac (5) and for the fission 
yeast Schizosacchuromyxes pombc (6). No plont homolog has 
yet been found. 

In plants, the frequency of HR is low, as evidenced in the 
Kb/cendMorgan ratio, which is typically much higher than in 
lower eukaryotcs or prokaryotes (7). However, GT has been 
demonstrated after direct delivery of DNA (8, 9) or by 
Agrobactcrium-mei}v*ted infection (10, 11) using engineered 
genomic targets, albeit at a frequency 10' 4 - 10 10'M'old lower 
than illegitimate integration. There arc two recent reports of 
GT in Arabidopsis via Agrvbucicrtiun infiltration in planta (12, 
13). Unfortunately, the number of events was so small that it 
is not possible to obtain good GT frequency estimates. Low 
frequencies of HR also have been reported when quantifica- 
tion was done for intrachromosomal recombination (ICR) in 
tobacco and Arabidopsis (14-16). Similarly, the rate of somatic 
crossover between homologous chromosomes was shown to be 
very low (17, 18). Although low frequencies of HR are 
probably important to maintain stability of the repetitive plant 
genome, they are nonetheless a major hindrance to the im- 
plementation of the powerful GT technology in plants. 

Why HR is inefficient in plants remains obscure. The recent 
isolation of Arabidopsis mutants affected in somatic and/or 
mciotic HR (19) might help identify the components of the 
plant recombination machinery and reveal how HR is regu- 
lated in plants. An alternative approach to overcoming the 
problem of low rates of HR is to overexpress well- 
characterized HR-related genes from heterologous species in 
plants and test how this affects HR in plants. By using this 
approach, (20) it was Shown that the ovcrexpression of the 
bacterial RccA gene in plants is associated with a 10-fold 
increase in the rate of intrachromosomal HR, suggesting that 
expression of the plant RccA homologs partially limits the 
rates of HR. Additional components must be tested to obtain 
a more comprehensive understanding of the control of MR in 
plants. 
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Here, we constructed transgenic tobacco plants expressing 
RuvC and show that it is associated with a 12-fold increase in 
somatic crossover between genomic sequences, with an U-told 
increase in ICR, and with a 56^fold increase in cxtrachromo- 
somal recombination (F-CR) between plwsmids cotransfor med 
into leaves via particle bombardment. We discuss possible 
mechanisms leading to this increase as well as the possible 
applications for GT improvement. 

MATERIALS AND METHODS 

We built a series of constructs Tot studying the effect of RuvC 
on HR in tobacco plants. Plasmid pJD330, kindly provided by 
V. Watbot (Stanford University, Stanford CA), is a Bluescript 
derivative carrying the p-glucuronidH*e (GUS) reporter gene 
driven by the cauliflower mosaic virus 35S promoter fused to 
the tobacco mosaic virus translation^] enhancer O (2.1). Re- 
combination partners were constructed, each with a different 
deletion in the GUS gene as described (22): one partner, 3' A 
GUS, (pGSOOl) carries a 700-bp (SsplEcoRl) deletion in the 
3' report of GUS. The second partner, 5' A GUS (pGS003) 
carries a 12-bp 5' deletion including the ATC initiation codnn 
of GUS. Neither plasmid partner alone showed any GUS 
activity in transient assays. The RuvC sequence was obtained 
by PCR using two primers C5' and C3': 5' -GTCGACCATG- 
GCTATTATTCTCGGC-3', 5 ' -GCATG CT A AGATCTA C- 
GCAGTCGCCCTCTCGC-3', which carry Spkl and tfg/JT 
sites, respectively for use in further cloning. After amplifica- 
tion, a 520-bp amplified fragment was isolated, cloned, and 
subsequently fully sequenced to confirm thai no amplification 
errors occurred. A Sall-Sphi fragment of the RuvC gene was 
subcloned into identical sites of the pCd vector (a Bluescript 
derivative vector), giving rise to plasmid pG502'l, which con- 
tains the RuvC ORF under the control of the 35S promoter 
and with termination sequences of Octopine synUiaSA (ocs). A 
23l)-hp $phl~BglH fragment carrying a nuclear localization 
signal (NLS) (kindly given to us by Vitally Citovsky, State 
University of New York, Stony Brook) allowing protein tar- 
geting to the nucleus and taken from the Nut gene of tobacco 
etch virus (23) was subcloned into the same sites of plasmid 
pGSG21, giving rise to plasmid pGS022, consisting of the 
tfS-RuvC-tfLSOCS V components. A 2,050-bp AsplV&Spel 
fragment including the four components was subcloned into 
the Aspl\Z-Xbal sites of the pi'ZFlll binary vector (24), 
giving rise to plasmid pGSQZl. 

Tobacco Transformation. The binary vector mentioned 
above was introduced by clectropo ration into the Agrobacie- 
rium tumefac-ians JLB4404 strain (25). The transformed 
Agrobact^rhim strains were used to infect leaf discs Of two 
Nicotiana tabacurn culrivars (cv. Samsun-NN and cv. Xanthi) 
and regenerate transgenic plants as described by Horsch (26). 
All of the plants (wild type (WT) and transgenic] in the Xanthi 
background were heterozygotc for the Sulfur chlorophyll mu- 
tation (Su/su). All transgenic plants carried transformation 
markers that confer resistance to kanamycin (100 mg/liter). 
The number of T-DNA copies was determined on the basis ot 
kanamycin resistance frequency in T* self-pollinated seedlings 
and by Southern blot analysis (data not shown). 

For the ICR assay, transgenic tobacco plants transformed 
with a construct that enables us to monitor TTR through 
reactivation of the GUS gene were used. These plants were 
kindly provided by Barbara Tlohn (Friedrich Miescher Insti- 
tute, Basel, Switzerland) and are described by PuChta et aL 
(16). GUS activity was determined by histochemical stamingot 
3-wcck-old seedlings as described (22). 

Biolistic Transformation and the ECR Assay. The 3'A GUS 
plasmid (pGSOOl), with and witbOul the 5'A GUS (pGS003) 
plasmid linearized at its unique Sprf restriction site, was 
transformed into leaves of WT and RuvC- expressing plants 
through biolistic l>ombardmcnt, using the helium-driven PDS- 



Proc. Natl Acati Set. USA 96 (1909) 7399 

1000/He system (BiO-Rad), according to the manufacturer's 
instructions. Seven leaves, 3-4 cm long taken from WT 
Samsun-NN or from RavC-cxprcssing plants in the same 
Samsun-NN background, were biolisticairy transformed, and 
after 30 hr of recovery, GUS activity was determined by 
hlstochemical staining described (22). Monitoring Of HR 
was done by counting the number of blue spots per bombarded 
leaf as seen under a binocular microscope. 

RNA Extraction and Northern Bliilting. Plant RNA samples 
were isolated from young leaves Of WT Xanthi plant and 
transgenic lines expressing RuvC in the Xanthi background 
with theTriReagcnt-RNA/DNA/protein isolation reagent kit 
(Molecular Research Center, Cincinnati). Northern blot anal- 
ysis was performed with a nylon membrane following the 
manufacturer's instructions. 

RESULTS 

Expression of RuvC in Plants. To overproduce the bacteria) 
RuvC protein in plant nuclei, an expression vector carrying the 
RuvC ORF downstream of the 35S promoter with a transla- 
tion^ fusion to the carboxyl terminus Of n NT.S was cloned m 
a T-DNA binary vector (Fig. 1/1). This vector was transformed 
into tobacco plants by agroinfection, and expression of RuvC 
was tested by Northern Wot analysis in Tl plants and WT. As 
shown in Fig. IB, an 800-nt fragment was detected from five 
independent transformation events. The size of this fragment 
is, as expected for the pGS022 construct, suggesting that RuvC 
mRNA is properly processed, and Die band intensity (out of 
the total RNA) suggests that RuvC transcript is relatively 
abundant in the transgenic plants- These transgenic lines did 
not show any indication of retarded growth, suggesting that the 
transformation procedure and the expression of the RuvC- 
NLS transcript did not interfere with the normal pattern of 
plant development. Similarly, there was no decrease in pollen 
fertaity, and cytogenetic analyses performed at different 
stages of mciosis did not provide evidence for chromosomal 
loss or breakage (data not shown). This finding suggests that 
overall these plants are relatively genetically stable. 

Increased ECR In RuvC-Expressing Plants. A rapid assay to 
test the recombinogenicity of fluvC-cxpFessin£ plants is to 
quantify the frequency or homologous recombination between 
extrachromosoma! molecules: two plasmids, pGSOOl and 
pGS0X)3, were co transformed, via particle bombardment, into 
leaves of transgenic plants expressing RuvC and WT control 
plants. RuvC-exprcssing plants were kanamycin-resistant 
progeny of Tl plants and therefore segregate for RitvC ho- 
mozygous and heterozygous plants. Both WT and transgenic 
plants are of the same Samsun-NN genetic background. Each 
of these plasmids contains a different mutation that prevents 
GUS expression (Fig. Z4); pGSWl lias a deletion in the 3' end 
(3'AGUS in Fig. 2), and pGS003 4 a deletion in the 5' end 
(5'AGUS in Fig- 2). The two plasmids share 1,800 bp of 
identical sequences, nnd GtIS activity can b« rusioicU upun 
HR between the two plasmids and can be quantified by the 
number of blue spots (Fig. 2). Linearization of pGS003 at the 
Spel site, located between the 35S promoter and the GUS gene 
(Fig. 2), was done Lo increase the efficiency of 1 1 R in the assay, 
in accordance with findings of various labs (27)- This assay is 
similar in principle to the previously described F.CR bombard- 
ment assay (28) with different recombination substrate mol- 
ecules. Both the 3' and the 5' deleted GUS plasmids were 
found to be GUS negative when transformed separately either 
in WT tobacco or RuvC-expressing plants (Fig. 2A ). However, 
after co transformation of the two plasmids, blue spots were 
detected in leaves of 7?uvC-expressing plants and leaves of the 
WT line (Fig. 2 C and D). Blue spots were counted for each 
bombarded leaf under a binocular microscope. An average of 
two spots per leaf was detected in the WT (Fig. 2C) f whereas 
an average of 1 1T spots was detected in leaves of the RuvC- 
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FiO. 1. Expression of RnvC in transgenic plants. {A) The expres- 
sion vector contains the RuvC O'RP LruuslationaUy fused in die 
carboxyl-termioal region to the NLS derived from the tobacco etch 
vims (23), and cloned between the caulif Iowct 35S promoter (35$ pro) 
and the transcription termination region from the octopinc synthase 
gene (Terai). This expression cassette was cloned into the pi'ZPlll 
binary vector (24), giving rise to clone pGS023, and was transformed 
La tobacco. (13) Transcription of RuvC was determined by Northern 
blotting of total RNA and hybridization with the RuvC ORF fragment 
as a prube. All 8D0-nt transcript was detected in five independent 
transgenic plants (background OlSu/su cv. Xanthi) transformed with 
pG5023 (lanes c-j;), but not in the nontransforrned control Su/su 
Xanthi line (lanes a and b). 

expressing plants treated under the same transformation con- 
ditions (Fig- 2D), i.e., RuvC expession was associated with a 
~56-fohl increase in ECR. The frequency of blue spots 
observed with a positive 35S-GUS control was simiiar in 
RuvC-expressing plants ur in the WT control (Fig- 28), 
indicating that RuvC docs not improve transformability or 
expression of the bombarded leaves (data not shown). The blue 
spots were bigger when bombardment was dune with 35S-GUS 
than with the recombination partners (Fig. 2 B vs. D), pre- 
sumably because of the larger copy number of GUS-expressing 
plasmid molecules transformed with 35S (all the molecules on 
the bead) than with the cotranstormed deleted recombination 
substrates (only recombinant molecules). 

Increased ICR in RuvC-Expressing PlanU. The effect of 
RuvC on ICR was determined by using the previously de- 
scribed ICK "GU-US" assay. According to this assay, ICR 




Fio. 2. ECR in RovC-cxprcssinj; plants. {Top) A schematic rep- 
resentation Of the constructs used for the F,CR assay is shown. 
Homologous recombination between two defective GUS genes, one of 
which is deleted in the 3' region (3'AGUS) and one in the 5' region 
(5'ACiUS), sives rise to a GUS active gene (the blue box on the Top 
Right and the blue spots in the Middle and Bottom). (Middle and 
Bottom) Pictures of tobacco leaves (cv. Samsun-NN) thai underwent 
bombardment and staining for GUS activity are shown, together with 
the average number 0/ bine spots per leaf and the SEM in parenthesis. 
(A-C) Uombardiueflt Of the 3' AGUS or of the 5'AGUS plasmid alone 
(/I) and uf the 35S-GUS fc cnc (-B), and wrtninsrorm/ifirm nf the 
3'AGUS and 5 'AG US-containing plasmid* into WT tobacco (Q. (D) 
Cotraosformation of the 3'AGUS and 5'AGUS pJasmids in transgenic 
plants expressing RuvC. 

events are recognized as blue sectors after bistochcrnical 
staining of seedlings. It was shown that these sectors arc 
obtained through the reactivation of a GUS reporter gene via 
HR between two directly repeated truncated GUS fragments 
(GU and US), which share a 0.6-fcb long overlap (14). Wc have 
compared the occurrence of blue sectors in the cotyledons and 
in the first and second true leaves of F x (RuvC X GU- US) 
seedlings of a cross between RuvC-exprcssing plants [in the N. 
tabacum cv Samsun (N/N) background] and plants homozy- 
gous for the GU-US construct, versus the P x (Samsun X 
GU-US) seedlings of a cross between the N. tabacum cv 
Samsun (N/N) nod plants homozygous for the GU-US con- 
struct. In both crosses the GU-US construct is in an hemizy- 
goie dose, and the genetic background ts similar. Therefore, 
the differences in frequency of blue sectors between the two 
crosses, as shown In Table 1, are most probably related to the 
activity of KuoC. The expression of RuvC was associated with 

Table 1. frequency of blue sectors in seedlings of plants carrying 
the GUS ICR assay and expressing RnvC 



Cross 



No. of stained 
seedlings 



No. of blue 
sectors* 



F< (GU- OS X RuvC) 
Cross no. 71 
Cross no. 12 
Cross no. 73 
Cross no. 74 
Total 

Fi (GU-US X SuiuSuu) 



337 
•30 
211 
250 

m 

4(12 



11 
1 

6 

(y 

24 
1 



*liluc sectors were monitored in cotyledons and in the first or second 
Uue leaf. Most sectors were fron) cotyledons. 
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an 11. 4-fold increase in the frequency of blue sectors. Note that 
in RuvC X GU-US, Hie data presented in Table 1 is from four 
crosses (nos. 71-74), each with an independent RuvC trans- 
formant, and no obvious differences in ICR frequency was 
found between the crosses. One difference wns in the size of 
the sectors. Cross no. 74 had small sectors (1-2 cells large), 
whereas the other crosses had larger sectors (1-16 cells), 
indicating late recombination in cross no. 74. Tobacco coty- 
ledons c*n be used to determine the ICR frequency because 
the development (number of cells and patterns of divisions) of 
this organ is welt understood (29). Based on the frequency and 
size of blue sectors in cotyledons (data not shown), we estimate 
that ICR occurs in the 10 -6 range/genome in the presence of 
RuvC and in the 10" 7 range in WT tobacco. 

Increased Somatic Crossover in KuvC-Expressing Plants. 
The effect of RuvC on somHtic crossover was determined by 
using the frequency of twin sectors in Tl Su/su Xanthi 
transgenic plants expressing RuvC transcript (Fig. 1). 'Hie 
sulfur gene (Su) controls chlorophyll pigmentation in tobacco. 
It is characterized by a pale green color in leaves and shoot* 
of hetero/ygote Su/su plants (30). Self-pollination of Su/su 
plants gives rise to progeny that segregate for l A dark green 
SufSu plants, Vi pale green Su/su plants, and Y% yellow su/su 
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plants that die soon after germination. Su/su plants occasion- 
ally give rise to simple dark green or white sectors or to 
twinned (contiguous thirk green and white) sectors (Fig. 3/1). 
These sectors can occur as a result of various genetic events, 
such as point mutations at the sulfur locus, chromosome loss 
or breakage, chromosome nondisjunction, or somatic cross- 
over. Carlson (17) has provided direct evidence that most 
twinned sectors (12 of 13 sectors regenerated and cytologically 
analyzed) in Su/su tobacco plants are derived from somatic 
crossover (17). We found, via cytological analysis and pollen 
viability, that transgenic lines carrying RuvC did not show any 
evidence for chromosomal instability (data not shown). These 
data, in accordance with Carlson's previous analysis, suggest 
that twin sectors correspond to somatic crossover events rather 
than to chromosome loss associated with chromosome gain in 
the sister cell. The frequency of twinned sectors (average 
number per leaf) in fluvC-cxpressing plants and in the WT 
cultivar used for the production of the transgenic RuvC plants 
is shown in Fig. 3 A- There is a 12-foUl higher frequency of twin 
sectors in RuvC compared with WT plants, suggesting that 
somatic crossover is significantly increased as a result of RuvC 
expression. This effect on twin sectors was found in six 
different transgenic lines expressing the RuvC transcript, rul- 
ing out the possibilities of posiiion effect, spontaneous muta- 
tion, or somacional varia u'on . Moreover wc have made several 
transgenic plants in the Su/su background with constructs that 
do not express RuvC, and these plants did not show increased 
somatic crossover. Therefore, the mere fact of being transgenic 
(i.e., to undergo transformation and regeneration and to 
express anribiotic resistance genes) docs not normally increase 
the rate of somatic crossover. 
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l v rc 3. Frequency of twin sectors in RuvC-expressing Su/su plants. 
A picture of a twin sector in shewn On the background of a light green 
{Su/su) tobacco leaf (Upper). The dark green and the yellow sectors 
arc contiguous and probably were formed as a result of somatic 
crossover (17), The number of twin scaurs wiiS counted in 20 leaves 
per plant. (Lower) The average number of twin spots per leaf is shown 
with error bars representing the SEM. This average was calculated out 
of six Tl transgenic plants Originating from independent traiiSformv 
, lion event* of Su/su plants with RuvC (i.e., 6 x 20 - 12D leaves) and 
three Su/su non transformed plants (i.e., 3 x 211 = 60 leaves). 



DISCUSSION 

This study shows that overexprcssion of RuvC is associated 
with increased HR in higher eukaryotcs. This effect was 
observed for ICR with the somatic crossing-over twin-sector 
assay (12-fold increase), ICR with the GU-US assay (ll-Hitd), 
and extrachxomosomal plasmid sequences with the DCR bom- 
bardment assay (56-fold increase) in tobacco plants. 

The stimulating effect of RuvC on HR in plants is surprising 
as this protein is active at the final steps of the HR process. This 
effect might result from one or from a combination of the 
following possibilities. The increased HR frequency might 
result from a direct RnvC effect: plant ceils might contain 
several heterodupicx DNA molecules, which for some unclear 
reasons are not efficiently resolved under nor mat levels of 
expression, in the WT, cells with unresolved heteroduplexcs 
would stop dividing. Overproduction of RuvC could lead to 
RuvC-mediated cleavage of these unresolved structures and 
thus enable cell division to proceed and subsequent twin sector 
formation. Similarly, in the ECR assay, RuvC expression might 
enable the resolution of heteroduplexcs between the trans- 
formed plasmids, which, otherwise (in the WT) would accu- 
mulate. It has been shown for mitochondrial DNA that the 
number of unresolved junctions increases significantly in cceJ 
(CCB1 is the yeast homoiog to FuvC) yeast mutants (31). 
Another possible explanation for the RuvC effect is that in 
plants, HolHday junctions might resolve in favor of the parental 
configuration (with subsequent gene conversion) to avoid 
chromosome translocations between repeats. Maybe RuvC 
removes this bias and permits resolution to give crossover 
recombinants. RuvC overproduction also might have a non- 
specific, yet nonetheless direct, effect on HR through nonspe- 
cific DNA binding, nuclease activity, and subsequent induction 
of the endogenous HR machinery, in a genomc-wide fashion, 
to repair the damage. It has been found, in vitro, that in 
addition to the high affinity binding capacity to four-way DNA 
junctions, CCH1 is able to bind duplex DNA molecules, albeit 
with lower affinity (5). 
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The effect of RuvC on HR might be specific but indirect. It 
was discussed earlier that branch migration and resolution of 
the Holliday junctions may be coupled by direct interactions 
between RuvA, RuvB, and RuvC proteins, possibly by the 
formation of a RuvABC complex (4). If $0, it is conceivable 
that the overexpressed RuvC protein reeruits RuvA- and 
RuvB-iikc plant proteins in the cells to form the complex 
indispensable for branch migration and resolution of Holliday 
junctions. Thus* the increased HR frequency might result from 
increased hcJicasc activity of RuvA and RuvB and may affect 
earlier steps of HR rather than the final resolution step. So far, 
plnnt homology of RuvC, RuvA, and RuvB proteins have not 
been identified. 

In conclusion, although we do not understand the mecha- 
nism by which RuvC stimulates both genomic and exrrachro- 
mosomnl MR in plants, the expression of this protein can lead 
to the engineering of recombinogenic plants. Such plants, in 
combination with the development of improved gene targeting 
vectors, may enable high frequencies of exogenous DNA 
integration into chromosomal targets via HR and thus facili- 
tate reverse gsneiirx in pfanls by gene targeting. 

We thank Prof. Barbara Hohn for the 1CR-OUS tobacco seeds, Dr. 
Shahill Abn, Dr. Dvora Aviv, snri Dr. Run Vuitth for help and 
discussions, and the Israeli Plant Genome Center for help with the 
particle bombardment experiments. This work was performed with 
support from a United KirtgdOID-JsracI grant to A.AJ-* and CL. 

1. Capccchi, M. R. (1997) C*td Spring Hurb. Symp. Quant. Biol. 62, 
273-281. 

2. Camerini- Otero, R. D. & Hsieh, P. (1995) Annu. Rev. GeneL 29, 
509-552. 

3. Kiwakzykowski, S. C (1994) Zxpcrientia 50, 204-215. 

4. West, S. (1997) Annu. Rev. Genet. 31, 213-244. 

5. White, M. K & Lilley, D. M. J. (1997)/ Mot. Biol. 266, 122-134. 
6- Whitby, M. C & Dixon, J. (1907) /. Mot. BioL 272, 509-522. 

7. Fucbtu. H. & Hohn, B. (1996) Trends Plant Set 1, 340-348. 

8. HaJfter, U, Morris, P. & Wiliiuiteer, I*. (1992) MoL Gtn. Genet. 
. 23l T 186-193. 



Proc. Natl Acad. Sci. USA % (1009) 

9, Paszlcowski, J., Raur, M. Bogucki, A. & Potrykus, 1. (1988) 

EMBOJ. 7, 4021-4026. 
10. 1 J3c, K_ Y. 4 Lund, P., Lowe, K. A Dunsmuir, P. (1990) Plant Cell 

2, 415-425. 

\ 1 . Offrinfi*, R., De Groot, M- J- A., Haafisman, H. J., Does* M. P., 
Van den Elzen, P. J. M. & Houykaas, P. J. J. (1990) EMBOL 9, 
3077-3084. 

12. Miau Z.-R A Lam. E. (1995) Hani J. 7, 359-365. 
13 Kempin. S. A., Liljc B ren t S. Block, L. M„ Rnunsley, S. D. & 
YanoXsky, M. F- (1997) Nature (tendon) 389, 802-803. 

14. Swoboda, P., Gal, HobiU R * Puchlu, H. (1994) UMBO J. 13, 
484-489. 

15 Tovar, J, & Liehtenstcin, C3. (1992) Gtf 4, 319-332. 

16* Pucbt*, H., Swuboda, P. & Hohn, D. (1995) Plant J. 7, 203-210. 

17. Carlson, P. S. (1974) G<>net. lies. 24, 109-112, 

15. Evans D. A. & Paddock, E. ft (1976) Can. J. Genet. Cytol. 18, 
57-65. 

19. Mnsson, J . E. & Pas2kowski, J. (1 997) Proc, Natl. Acad. Sci USA 
94, 11731-11735. 

20. Rciss, B., Klemm. M„ Knsak, H. & Scbell, J. (1996) Proc. Null, 
Acad. Sci. USA 93, 3094-3098. 

21 . Gallie, D. Sleat, D. E., Wall*. J, W., Turner, P. C. & WilfiOU, 
T.-M,A- (1987) Nucleic Adda Rex. 15, 3257-3273. 

22. Shalcv, G. *. T.cvy, A. A. (1997) Genetics M6, 1143-1151. 

23. Carring(oi), J. C, Krccd, D. D. & Lcimckc, A. J. (1991) Plant Cell 

3, 953-962. 

24. Ilajdiikicwicz, P., Svub. Z. & Maliea, P. (1994) JW Mo/- Bid 
25, 989HW4. 

25. Hoekcma, A., HirSCh, P. K., Hooykaas, P. J, J. & Schilpcroort, 
R, A. (1983) Ab/w/v (London) 303, 179-180. 

26. Horsch, R. B., Fry, J. E-, Hoffmann, N. L, Eicliholtz, D., Rogers, 
S- G. &. Fraley, R. T. (W&>) Science 227, 1229-1231, 

27. Puchta, H., Swoboda, P. & Hohn, D. (1994) Efpetuntia 50, 
277—284 

28. MassOiu J. E., King, P. J. & Paszkuwski, J. (1997) Cienetics I46> 
401-407. 

29. Fridlendcr, M., Lcv-Yadun, S., Baburek, Angclis, K. & Levy. 
A. A. ( W6) Planta 199, 307-313. 

30. Burk, U Ct. & Menser, II. A. (1964) Toh. Set. 8, 101-104. 

31. Lockshon, D., Zwcifel, S. G., Freeman-Cook, L. L., Loruner, 
H. E., Brewer, B. J. & Fangman, W. U (1995) Celt 81. 947-955. 



PAGE 40/60 * RCVD AT 8/2/2005 1 :45:41 PM [Eastern Daylight Time] * SVR:l)SPTO-EFXRF-6/25 * DNIS:2738300 * CSID:515 334 6883 * DURATION (mm-ss):29-06 



b&/02/05 TUE 13:07 FAX 515 334 6883 
Arabidopsis Nucleolar Protein Darobasc 



PIONEER HI -BRED DSM 



©041 




BidShfdrrriatics Home 



h — " P " ^ r ..^,r^ c « _ T^b5e of Nucleolar Proteus 

























arabidopsis At5g22330 


RuvB DMA 
heJIcase-^ 
related protein 


snoRNP 1 

(C/D) 

biogenesis 


nd 




* 



Thlreare no images for this particular sample. 



Additional information Resources avallab , efor Y0U r Locus. Click on the 
The following information resources may be availabietor your uuc 

images below to go to that data source. 





infom^ation on At5g22330 ^ 

Resource) — - — — 


mips 


Information on At5g22330 at MIPS (Munich Informat.on Center for 
Protein Sequences) 


e 


information on At5g22330 at entrez (NCBI Cross Database Search) 



" S ources' co,umn to retrieve further information. 

SGD = The Saccharomyces Genome Database. 



human |rUVBL1 


RuvBHlke 1 (TIP49 -TATA^S^protdn* 
interacting protein 49kDa) 


0 


Entrez 


yeast |Rvbl 


No Description Available 


e-160 


SGD Entrez 



BLASTx vs Human Nuc'^"'^ Proteome 

Red highlighting of score column represents low score values. 



PAGE 41/60 * RCVD AT S/2/2005 1:45:41 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-6/25 * DN18:273830D * CSID:515 334 6883 x DURATION (mm-ss):29-06 AppendixM 



08/02/05 TUE 13:08 FAX 515 334 6883 



PIONEER HI-BRED DSM 



@042 



AiaWclopsis Nucleolar Protein Database 




TATA boje- 

bihdingprotein- 

interactihg 

protein-related 

[Arabrdopsis 

thalianal (458 

litters) 



Click here to 



456 1671 648 70 0.0 320 



iPid002li87;i| 
•iSWIS^ PRDT: : 

#0036981 
TREMBL: 

. P82276| •. . ' - - . ■ " ■ 

EtiSEWBL'.EN 

SP00000318297 : : ~ ■; 

.. Tax_id=9606 <■ ■ - : ; 

RuvB-like l • . :'■ " >/■ : v - -- ■ • 

return all BLAST hits 

Scottish Crop Research Institute - Computational Biology 
This page was generated on 2005-3ul-18 at 18:44 
2004 All Rights Reserved. 



391 455 . '. XP-I00021187. 



PAGE 42160 * RCVD AT 81212005 1:45:41 PM [Eastern Daylight Time] ■ SVR:USPTO€FXRF-6125 » DNIS:2738300 * CSID:515 334 6883 * DURATION (mm-ss):2W)6 



08/02/05 TUE 13:09 FAX 515 334 6883 PIONEER HI-BRED DSM @043 



NG Bl 


/jpC ) .. Hoirnolpge n e 

Discover HoiViOloas. 


WivNCBl 


fSign In] [Reaisterlj 


All Databases Pubfvlec 


Nucleotide Protein Genome Structure Map Viewer Gene 


UniGertO OMIM 


''^":^:^| Hom&bGen© 
.Search • 


At5 9 22330 °° SavfeSearch : 



Limits preview/Index History Clipboard 



•Details. 



; 'I f Surrmary 

Display;!. 



AH: 2: 



Items 1 - 2 of 2 

1: HomoloGene: 37839. Gene conserved in Eukaryota 



One p 



H.sapiens 


RUVBL1 


RuvB-like 1 (E. coli) 


C.familiaris 


LOC476512 


similar to RuvB-like protein 1 


M.musculus 


Ruvbll 


RuvB-like protein 1 


R.norvegicus 


RuvbH 


RuvB-like protein 1 


Cgailus 


LOC416022 


similar to RuvB-like 1 (49-kDa TATA box-bL. 


D.melanogaster 


pont 


pontin 


Agambiae 


3290812 


Anopheles gambiae str. PEST ENSANGGQ0Q0002. 


C.elegans 


5K460 


RuvB-like 1 (5K460) 


S.pombe 


SPAPB8ES.09 


Schizosaccharomyces pombe SPAPB8E5.09 gene 


S.cerevisiae 


RVB1 


Saccharomyces cerevisiae RVB1 gene 


KJactis 


KLLA0D185... 


Kluyveromyces lactis NRRL Y-1 140 KLLA0D185... 


E.gossypii 


AGL119C 


Eremotheclum gossypii AGL119C gene 


M.grisea 


MG03958.4 


Magnaporthe grisea 70-15 MGQ395S.4 gene 


N.crassa 


NCU03482.1 


Neurospora crassa NCU03482.1 gene 



PA6E43/60 * RCVD AT 1K2/2005 1:45:41 PM [Eastern Daylight Time]* SVR:USPTO-EFXRF-6/25* DNIS:2738300 * CS|D:515 334 6883 * DURATION (mm-ss):29-0P endix As 



08/02/05 TUE 13:09 FAX 515 334 6883 



PIONEER HI -BRED DSM 



@044 



A.thaliana 
O.sativa 



At5g22330 Arabidopsis thaliana At5g22330 gene 
OJ1014 E0... OryzasativaGaponicacultivar-group)OJl. 



2: HomoloGene:72366. Gene conserved in Eukaryota 
P.troglodytes LOC460670 TATA binding protein interacting protein 4... 

R.norvegicus LOC299306 similar to RuvB-like protein 1 

O.sativa P0506B12.32 Oryza sativa Oaponica cultivar-group) P05... 

P.falciparum PF1 1 J)071 Plasmodium falciparum 3D7 PF1 1_0071 gene 



Questions or Comments? 

E-mail the NCBI Help Desk 



"FlRSTGOV 



HomoloG©ne Home 
National Cenler tor Biotechnology Information 
U.S. National Library of Medicine 
National institutes of Health 



WTlth~s 

HUM AH BGRVl 



Disclaimer I Freedom of Information Act | Privacy Policy 



PAGE 44/60 * RCVD AT 8/2/2005 1 :45:41 PM [Eastern Daylight Time] * SVR:USPTO€FXRF-6/25 1 DNIS:2738300 * CSID:51 5 334 6883 * DURATION (mm-ss):29-06 



08/02/05 TUE 13:09 FAX 515 334 6883 



PIONEER HI -BRED DSM 



@045 



1121D At5g22330 MIPS report.txt 
>at5g22330 Ruv DNA-hel icase-li ke protein 

General properties 

Length [aa] 458 

Molecular weight [Da] 50323.7 

Isoelectric point 5.7 

Manually edited no - fl11A a 

rnnt-ia name chrS : chromosome5_.vl81103 -,, onc7 

(-onpg name r7A4QA1Rl 744Q818-7449729 , 7449155-7448967, 

[7446773] _ _ 

GC content [%] 43-7 



protein function 



Closest homologue CBLASTP) trembl|ABO076SL11 product: "Ruv DNA-hel i case-like 

protein"; ArabTdopsis thaliana genomic DNA, chromosome 5, Pi clone:MWD9. 0.0 



Functional categories 



Automatically derived 
H.sapiens_exp 



A.thaliana^put 
A.thaliana_put 
H.sapiens_exp 



H.sapi ens_exp 

COGS 

le-62 

PFAM domains 
BLOCKS . 



family signature 



PROSITE motifs 



04 transcription 

04.05 mrna transcription 

04.05.01 mrna synthesis , . 
04.05.01-01 general transcription activities 

functional categories 63.03 nucleic acid binding le-137 - 

40.10 nucleus le-137 - H.sapi ens^exp 

04 TRANSCRIPTION le-137 - H . sapi ens_exp 
03.01.05.03 DNA recombination le-137 - H.sapi ens_exp 

03.03.02 meiosis le-137 - H. sapiens_exp 
25.05.25 gametogenesis le-137 - H.sapiens_exp 
63.19 nucleotide binding le-137 - H. sapiens_put 
63.01 protein binding le-134 - D.melanogaster_put 

03.01.03 DNA synthesis and replication le-126 - 

03.01.05 DNA recombination and DNA repair le-126 - 

06.01 protein folding and stabilization le-123 - 

40.03 cytoplasm le-123 - H. sapiens_exp 
03.01.05.01 DNA repair le-123 - H . sapi ens_exp 

05 PROTEIN SYNTH f sis le-123 - H , sapi ens_exp 
62.01.07 binding / dissociation le-123 - 

COG1224 DNA helicase TIP49, TBP-interacting protein 

COG0465 ATP-dependent Zn proteases le-39 
PF06068 TIP49 Otcrminus 1.5e-217 

IPB001984 ATP-dependent serine proteases, Lon family 
PR00819 Cbxx/cfqx superfamily signature 
PR00918 calicivirus non-structural polyprotein 

IPB002648 isopentenyl transferase imenA1fl 
IPB003442 uncharacterised P-loop hydrolase UPFO079 

atp_gtp^a CD 



Automatically derived PIR superf ami lies pir|JC5521 JC5135 0.0 

pir|!C5521 trehalose trehalohydrolase 0.0 
page I 
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1121D AtSg22330 MIPS report.txt 



PIR 
PIR 
PIR 
PIR 
PIR 
PIR 
PIR 



3E0334 hydrolase 0.0 
T19534 n M31163 le-135 
T40697 ein MD1163 2e-97 
F75X50 63 5e-96 
561029 se le-94 

D71191 RY ahl827 le-94 m . in110 

T46049 conserved hypothetical protein 



2e 93 PIR|D69476 se trehalohydrolase 2e-90 

Automatically derived keywords PIR|JC5521 atp 0.0 



Protein structure 



Known3D 
subunit Gamma 



PDBllnjg nonprotein length:250 dna Polymerase III 
PDB|lixz mol:protein length:254 ATP-Dependent 
Metalloprotease Ftsh PDB |llv7 mol:protein length:257 Ftsh 

PDB|ld2n mol: protein length: 272 
N-ethylmaleimide-sensitive ^°k!|ESfV»l rproteln nength :273 N-Ethylmaleimide 



sensitive Factor 
Metalloprotease Ftsh 
Protease ATP-Binding Subun 

DNA Helicase Ruvb 
Subunit Gamma 

protease ATP-Binding subun 
protease ATP-Binding Subun 
protease ATP-Binding Subu 
Hslu 

Protease ATP-Binding Subun 
Endoplasmic Reticulum Atpase 



PDB|liy2 mol: protein length: 278 ATP-Dependent 

PDBllofh mol:protein length:310 ATP-Dependent Hsl 

PDB|lhqc mol: protein length: 324 Ruvb 
PDB liqp mol: protein length: 327 Rtcf 
PDB|lin5 mol :protein length:334 Holliday function 

PDB|ljr3 mol:protein length:373 DNA Polymerase III 

PDBlldoO mol:protein length:442 Heat Shock Locus U 
PDB|lg4a mol: protein length: 443 ATP-Dependent hsI 

PDB|lkyi mol: protein length: 444 ATP-Dependent Hsl 

PDB|lg3i mol: protein length: 444 ATP-Dependent Hslu 

PDB|lg41 mol: protein length: 444 Heat Shock protein 

PDB|le32 molrprotein length:458 P97 

PDBllksf mol: protein length: 758 ATP-Dependent dp 

PDB|loz4 mol: protein length: 806 Transitional 

PDBllqvr mol: protein length: 854 clpb protein 
PDB|lim2 mol :protein-het length:444 ATP-Dependent 



Hsl Protease ATP-Binding 5 

scop domains dld2na_ c. 37. 1.13 (a:) Hexamerization domain of 

N-ethyK fusion (NSF) protein {Chinese hamster Ccricetulus 

gnseus)} dla41a c 37, 1.13 (AO Hslu {Haemophilus influenzae} 

dlin4a2 c. 37.1.13 (A:17-254) Holliday junction 
helicase RuvB {Thermotoga ^ritimaj^ ^ ^ ± ^ RGplication fact0 r C 

{Archaeon Pyrococcus furiosus} dle32a2 c 37>1>13 (A:2 oi-458) Membrane fusion atpase 

□97, Dl domain {Mouse (Mus musculus)} 
Structural class Alpha_Beta 

page 2 
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1121D At5g22330 MIPS report.txt 
low complexity 3.7 % 

Structural summary 

sequence mekvicieeiqstakkqriaththikglgleptgipik^ 

structure hhhhhhhhhhhh hhhhhhh. .hhhhhhhhhhhhhhhhhh 



Structure 
low compl 
Non-globular 



low complexity — — "^nnwmn^ 



sequence Q™mag.<alllagppgtgktalalgi^^ 

structure hhhhhhheeeee hhhhhhhhhhhh ....... 

Non-glSEula 1 r ty nnnnnnnnnnni^ i Innnnnnnnnnnnnnnnnnnnn 

Sequence RAIGLRIKeTKEWEGE\n-ELSPEETESLTG<3YGK5lSHWITLKTVKGTKHLKLDPTIY 



l??uc?ure hhhhhhhhhhhhh . . . eee . . eeeeeeeee ..... eeeee . . . hh 

LOW 
Non- 



LOW -glSbllar ty nnnnnnnnnnnnnnS 



sequence "ALIKEKVAVGDVIYIEANSGAVKRVGRSDAF^^ 

st ructure hhhhhhhhh . . . eeeeee .... eeee . . . . hhhhhhhhhhhh hhhhhhhhee 

Low complexity 



Low complexity • 

Non-globular nnnnnnnnnnnnnnnnnnnnnnnnnnnnn. 



Seauence VTLQDLDAANARPQGGQOILSLMGQMMKPRKTEITDKLRQEINKyVNRYIDEGVAELVP^ 

|??uc?ure eeehhhhh T. . /nWihhhhhh. . . .hhhhhhhhhhhhhhhhhhhh 

Low complexity ■ 1 

Non-globular " 

sequence VLFIDEVHMLDMECF5YLNRALESSLSPIVXFATNRGVCNVRCTDMPSPHGVPIDLLDRL 

Structure eeee hhhhhhhhhhh eeeeee eee hhhhhh 

Low compl exi ty « • 

Non-globular • 



seauence viirtqiydpsemiqiiairaqveeltvdeeclvllgeigqrtslrhavqllspasivak 
Structure hhhhh 7 hhhhhhhhhhhhhhhhhhhhhhhhhhhhh . . hhhhhhhhhhh eeee 

Low complexity 

Non-globular 

seauence mngrdnickadieevtslyldakssakllheqqekyis 

Structure hhhhhhhhhhhhhh . hhhhhhhhhhhh . _ . 

Low complexity 

Non-globular 
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Protein Dcluil 



£g I f Home I About TAIR | Sftetrtap | Contact I Heip | Order | Login 

Search | Toots '( Arabfdopsis Info | News [ Lirtks | FTP | Stocks 



TAIR Database 



Quick Search 



Protein: AT5G22330.1 



Date last modified £: 
TAIR Accession 
External IDs & 



Properties 



Domains 



Sequence 



Sehd to WU-BLAST 



2004-05-05 
AASequence:401 5249 
" SwissPROT PIR GenPept 
Q9FMR9 1 5242217 

Calculated MW 50306.0 
Calculated PI # 5.7333 
Length (aa) $ 458 



Similar Proteins in Genbank 
NCBI BLink . 



Database 

tigrfam 
pfam 



Structural Class Type 

•St 



Accession Interpro 

TIGR00635 RuvB 

. AAA ATPase cen tr 
PF00004 



Position 

37-175 
68-422 



pfam . 
superfam 

superfam 



Alpha and beta proteins 
<a/b) 

Alpha and beta proteins 
(a/b) 

' Alpha and beta proteins 

superfam (a/b) 

. .■ ■ . . Alpha and beta proteins 
superfam (a/ H b) 

1 MEKVKIBEIQ STAKKQR I AT 
51 AAGLWDMIK QKKMAGKALL 
101 GSEVYSSEVK KTEVLMENFR 
151 GGYGKSISHV VI TLKT VKGT 
201 GAVKRVGRSD AFATEFDLEA 

2 51 ARPQGGQDIL SLMGQMMKPR 

3 01 VLFIDEVHML PMECFSYLNR 
3 51 GVPIDLLDRL VIIRTQIYDP 
401 QRTSLRHAVQ LLSPASIVAK 
451 EQQEKYIS 



PF06068 TIP49. C-terminal 1 20442 
52540 37-123 

295-440 



52540 
52540 

52540 

HTHIKGLGLE 
LAGPPGTGKT 
RAIGLRIKET 
KHLKLDPTIY 
EEYVPLPKGE 
KTEITDKLRQ 
ALESSLrSPIV 
SEMIQIIAIR 
MNGRDNI CKA 



PTGXPIKLAA 
ALALGISQEL 
KEVYEGEVTE 
DALIKEKVAV 
VHKKKEIVQD 
EINKWNRYI 
IFATNRGVCN 
AQVBELTVDE 
DIEEVTSLYL 



66^148 

177-268 

GFVGQLEARE 
GSKVPFCPMV 
LSPEETESLT 
GDVIYIEANS 
VTLQDLDAAN 
DEGVAELVPG 
VRGTDMPSPH 
ECLVLLGEIG 
DAKSSAKLLH 
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Associated Genes 



Gene Model ? Locus ? seqviewer link 

AT5G22330.1 AT5G223 3Q Sequence Viewer 



External Link 



User Comments # 

(shows only the most recent 

comments by default) 
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ABSTRACT 

Escherichia coli ruvC recC mutants lack RuvC 
en do nuclease, which resolves crossed-strand joint 
molecules (Holliday junctions) formed during 
homologous recombination Into recombinant products, 
and an activity (RecG) thought to partially replace 
RuvC. They are therefore highly deficient in 
homologous recombination, and sensitive to uv light 
and chemical DNA-damaglng agents, presumably 
because of Inability to tolerate unrepaired DNA damage 
by recombinations! mechanisms (Lloyd, R.G. (1991) 
J, BacterioL 173:5414 -5413). We transformed these 
mutants with plnsmkls expressing cDNAs from the 
plant Arabidopsis thaliana. Selection for bacteria with 
Increased resistance to methylmethanesultonate 
yielded two cDNAs, designated DRT111 and DRT112 
(DNA^damage-repair/roleration), Expression of these 
plant cDNAs, especially DRT111, restored conjugal 
recombination proficiencies in rut/O and ruvC recG 
mutants to nearly wild-type levels. Both plant cDNAs 
significantly increased resistance of both mutants to 
UV light and several chemical DNA-damaglng agents, 
but did not fully correct the mutant phenotypes. Drti 1 1 
activity, but not Drti 12, also increased, to nearly wild- 
type levels, resistance of recG single mutants to UV 
plus mitomycin C* The predicted Drt111 and Drtl12 
polypeptides, 383 and 167 amino acids respectively, 
show no similarity with one another or with prokaryotic 
Holliday resolvases* Both appear chloroplast targeted; 
Drt112 is highly homologous to Arabidopsis 
plastocyanln. DRT111 and DRT112 probes hybridize 
only to DNA from closely related plants. 

INTRODUCTION 

Projected depletion of the stratospheric ozone layer is expected 
to significantly increase terrestrial UV-B irradiation at DNA- 
damaging wavelengths (1,2). This has heightened interest in the 



mechanisms by which green plants, which will necessarily be 
exposed continually to increased UV fluxes, resist DNA- 
damaging agents. Studies with yeast and, especially with the 
bacterium E.coli, have demonstrated that removal of 
photoproducts and recombinational toleration of unrepaired DNA 
lesions are both important resistance mechanisms (3). Excision 
repair and photoreactivation of UV photoproducts have been 
described for several plant species, including the model green 
plant Arabidopsis thulium (4), However, there has been no strong 
evidence for homologoiL^recomhinaUon-dcpcndcnt toleration 
processes, such as daughter-strand* gap filling (5). 

The E.coli RccA protein mediates homologous pairing and 
strand exchange during recombination, yielding a crossed-strand 
intermediate (Holliday junction). Mutants lacking this activity are 
highly sensitive to DNA damage, as well as recombination- 
deficient- Recently, wc isolated four Arabidopsis cDNAs that 
partially complemented the UV-sensitivity phenotypes of E-coli 
mutants lacking all repair and toleration responses (Pang, 
Hays, J.B., Rajagopal, I. and Schaefer, T.S., manuscript 
submitted). One of these, DRT100 (DNA-*/amage-repair- 
roleration) proved to partially complement RecA~ DNA- 
damage-sensitivity and recombination-deficiency (Rec~) 
phenotypes (6). The *i*e of the predicted Drti 00 protein was 
similar to that of bacterial RecA proteins, but there was little 
global homology. Simultaneously, Jagendorf and coworkers (7) 
isolated an Arabidopsis cDNA with considerable recA homology 
by a hybridization approach > but did not tost it for activity in 
E.coli. Both DrtlOO, the putative RecA analog, and the 
Arabidopsis RecA homolog appear to be chlorop last-targeted 
proteins. The existence of these genes argues strongly for the 
importance of DNA-damage-tolcranon processes in plants, at least 
for chloroplast genomes. 

Activities that resolve crossed-strand intermediates into 
recombinant products have been demonstrated in E.coli phages 
T4 (8) and T7 (9), in E.coli taelf (10), and in yeast (1 1-13), 
The E.coli resoivase active in extracts has been identified as the 
product of the ruvC gene (14), purified to homogeneity, and 



* To whom CyrnsspOrtdiinCt should be. addressed 
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characterized biochemically (15). Surprisingly, ruvC mutants arc 
only slightly Rcc", but are highly sensitive to UV light and 
other DNA-damaging agents (16); double mutants, ruvC wG, 
are highly Rec, and even more DNA-damagc-scnsitive. This 
suggests that recG encodes (or controls) a resolvasc-like activity, 
not readily detectable in crude extract?;, thai substitutes fairly well 
for RuvC in conjugal and transductional recombination, but not 
in DNA-damage toleration. Further evidence for the more 
demanding nature of the latter process is its requirement for the 
RuvA and RuvB proteins as well (16). 

The lack of ammo-acid conservation among the phage and 
bacterial resol vases (17) suggested that hybridization approaches 
were not likely to yield the corresponding plant genes. Instead, 
we have selected for Arabidopsis cDNAs that apparently 
complement Kcoli RuvC*" RecG ' phenorypes. The two cDNAs 
isolated in this way restore recombination nearly to wild-type 
levels, and increase resistance to DNA-damaging agent*. 

MATERIALS AND METHODS 

Bacteria and bacteriophages 

All strains used are derivatives of Escherichia coli K-12. Strain 
ABl 157 is wild-type with respect to the markers of interest here 
(RuvC+ Rec" phenotype) and is also F~ thhl his-4 A(gpt-praA) 
arf>E3 thr-J UuB6 kdgKl rfbDO) aro-14 lacYl galK2 xyl-5 mtl-1 
tsx-33 supE44 rpsUl (18). Isogenic with ABl 157. except as 
indicated, arc the RuvC"" strain CSX5, ruvC53 eda-51::Tn!0, 
and the RuvC RecG- strain N3398, recG258.JtnlO mini-tew 
ruvCS3 eda-51 (19). and the RccG~ strain N2731 (20), tecC 
258::TnlO mini-ton. Strain EG333 is HrfC pyrA::TnlO rnszB 
cysG303 A(for>pr*>)XIII (21). The vector phage XYES is cI857; 
it incorporates a cloning/expression site and yea$l-£.c0rt shuttle- 
vector-plasmid elements between two phage Pi tax sites (25). 
Phage XCRE c/(iru/-) red3 xisl overcxpresses the PI Ore 
protein via a bacterial he promoter (6,25). Neither XYES nor 
X CRE eliinil") prophages are inducible by DNA^daraaging 

sgnnts. 

Plasmids 

Plasmid p5E936, the product excised from XYES by Cre-/a* 
recombination, encodes ampicillin-rcsi stance and plasmid ori 
elements for selection and propagation in E. coli, as well as URA3 
and other elements for function as a yeast plasmid (25). 
Depending on their orientation, cDNAs inserted at the unique 
Xhol site are iranscribable via the bacterial p i3C or yeast p$ A i i 
rwmoters. In plasmids pQPlllO and pQP1120, Arabidopsis 
cDNAs DRT11J and DRTU2 are transcribed via p^. Plasmids 
pQPlU2 and pQPH22. in which DRT111 and DRTJ12 are 
invencd with respect to Aac» were constructed by digestion of 
plasmids pQPlllO and pQP1120 with Xhol cndonuclcasc and 
rc-Ugation of the products, and were identified by restriction 
analysis of plasmids from transformed bacteria. 

Media and solutions 

TBY-broth, LB-brouVplatcs, and M9-mini trial -plates have been 
described (26,27). TBY-Ap broth and LB-Ap plates contain 50 
/jg/ml amplcillin (Ap). 

Selection and isolation of DRTJU and DRT112 cDNA 
We infected about lO'O RuvC RecG" bacteria (strain N3398), 
lysogenic for XCRE cl(ind~) red3 xisl, with an aliquot (5 X 10 10 
plaque-forming units) of an Arabidopsis cDNA library in the 



vector XYES. This library had been obtained from R. Davis, 
Stanford University (25) and amplified once, as described 
previously (6). We grew the infected cells for one hour in TBY 
broth, at which point there were 5XHP total Ap-resistant 
bacteria (as determined by plating a small aliquot). We selected 
for cell* containing excised plasmids, by growth for three hours 
in. 100 mj TBY-Ap broth, plus 2 mM isopropylthioiff-D- 
galactopyranosidc (IPTG), yielding about I0 n bacteria. These 
were harvested by ccntrifugation and resuspended in 10 ml TBY. 
We spread the entire culture on twenty LB plates containing 
0.06% meihylmcthanc-sulfonate (MMS) and IPTG, and 
incubated them 40 h at 30°C. Although none of I0 n hacreria 
in a parallel N3398(pSE936) culture survived on these plates, 
the cDNA-library-conraining culture yielded 25 survivors. These 
were streaked across LB plates and tested for resistance to 5, 
10, 15, and 20 J/m 2 of UV light. Four isolates were UV- 
rcsistant, and plasmids extracted from each of these conferred 
resistance upon naive RuvC" RecG " bacteria. When digested 
with EcoKl endonuclease, one active plasmid released insert 
fragments of about 1. 1 kb and 0.3 kb; we designated the cDNA 
as DRTUL The other three plasmids released 0.8-kb inserts; 
based on their apparently identical sizes, and complementation 
phenotypes in preliminary experiments (data not shown), we 
designated all three cDNAs as DRT112, and arbitrarily picked 
one for further study. (Their identity was subsequendy confirmed 
by DNA sequence determinatioas.) We designated the respective 
plasmids pQPlUO and pQPH20. 

Measurement of bacterial resistance to DNA-damaging agents 
Cells were grown to late log phase in TBY-Ap broth containing 
IPTG, harvested by centrifugation, and resuspended to 1.5x 10* 
colony-forming units (CFU) per ml, as described (6). Cell 
suspensions were treated with 254-nm UV light at a rate of I 
w/m z and spread on LB-Ap plates, or spread on 13- Ap plates 
containing mitomycin C or memylmethanesulfonale (MMS) or 
4-nitroquinoline-N-oxide (NQO). All manipulations wexe 
performed under room lighting, so that all cells were 
phenotypically Phr Plates were incubated overnight at 30°C. 

Measurement of conjugal recombinant frequencies 
Procedures were essentially as described by Miller (27). 
Overnight cultures of the donor strain (EG333), grown in TBY 
broth containing tetracycline (12.5 jig/ml), and of recipient strains 
harboring various plasmids, grown in TBY-Ap broth with or 
without 2mM IPTG, were subculturcd in fresh broth, grown to 
about 2x 10 9 cells per ml, mixed at a ratio of three donors to 
one recipient, and incubated at 37°C. After 1 hr we stirred 
mixtures vigorously, harvested the cells by ccntrifugation . and 
resuspended them in one volume of 0.0 1M MgS0 4 . After 30 
rain at room temperature, cells were spread on LB-Ap plates and 
incubated overnight at 37 6 C, to score total recipient colony- 
forming units, or spread on M9-glucose-rraniinai plates containing 
ampicillin (50 /ig/ml), histidine (0.5 mM), arginine (0,06 mM), 
and proline (2 mM), to score Ap-re$istant Leu+ Thr + 
recombinants, or on M9-gaJactosc-(casamino acids) plates 
containing ampicillin to score Ap-resistam Gal* recombinants, 
or on M9-glucosc-rrunimal plates attaining arginine (0.06 mM), 
histidine (0.5 mM), proline (2 mM), ampicillin and 13 pg per 
ml tetracycline (Tc) to score Ap-resistant (Leu* Thr + ) 
recombinants. 
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Figure lr Resistance to DNA-damaging agott* Of boctcria expressing Drtlll and Drtl 12. Indicated bacteria were (A) irradiated with 254-nm UV light to flucnces 
indicated, or (B) spread on plan* co turning indicated milamycin C eortcerrtnuions, and surviving bacteria stoned, w described under 'Materials and Methods*. 
Surviving fraction ccpM* CFU surviving divided by CFTJ on LB-Ap plates (no UV). Strains (phertotypes) employed: (X), ABI 157 (pSE396) = (Ruv + Rcc*]; 
(O), CS8S (pSE396) |= RuvC" Rec"]; (A), CS85 (pQPlllO) = fRuvC" Rcc " , (Drtl 1 1)}; (□ ), CS8S <pQPl 120) =* [RuvC- R« + (Drtll2)]; (•), N339S (pSE396) 
= [RuvC" RecG"]; (A), N3398 (pQPlllO) = (RuvC" RccG~(Drtl U)h (■ ). N3398 (pQP1120) - [RwCr RccG _ (Drtl 12)J. Data correspond to averages 
for two trials. StamLmJ deviations were generally less than symbol sizes nod were almost always 10% of values shown or less. 



Determination and analysis of DNA sequences 

The Oregon State University Central Services Laboratory 
determined DNA sequences on double-stranded DNA by art 
automated technique, using an Applied Biosystems Model 373A 
DNA sequencer and a Taq Dye Primer Cycle Sequencing Kit, 
with dideoxy chain tenninarion, thermal cycling and primer- 
coupled dyes, according to instructions supplied by the 
manufacturer (bulletin No. 237605). M13mpfcc Universal and 
Reverse primers (United States Biochemical Corp.) and interna] 
primers were employed. For each sample, sequences were 
determined in both directions at least once each. In some regions 
wc also determined DNA sequences manually, by dideoxy 
sequencing of duplex DNA using a Sequenase kit (United States 
Biochemical Corp). We compared the predicted arnino-aeid 
sequences for Drtl 11 and Drtl 12 to protein sequences in the 
SWISSPROT data base, using mtelhgenetics Suite release 5.4 
programs QUEST, PEP, SEQ, and GEN ALIGN. The last 
program, developed by Dr. H. Martinez, is a copyrighted product 
Of Intelligenetics, Inc. We searched GENBANK release 69, and 
NBRFIPIR and EMBL protein-sequence libraries using the 
Intelligerjetics FASTDB search program. 

Hybridization analyses 

DNA was extracted from Arabidopsis , broccoli and cabbage 
(Drassica pekinensis) tissues as described (4). DNA from bean 
(Phaseolus vulgaris) and maize (Zea mays) were gifts respectively 
of David Mok and Carol Rivin, Oregon State University. DNA 



digested with EcoKl endonuclease was analyzed by 
dectrophorcsis, blotting, hybridization with a [^l-labeled 
[random-prirner-rnethod (28)] £o*RI fragment isolated from 
plasmids QPllll and pQP1121, and autoradiography, as 
described (29), with minor modifications. Hybridization, at 37 q C, 
employed solutions containing 50% form amide and 0.6 M salL 
Reduced-stringency hybridization employed 32% forrnamide. 
Aqueous washes (0.03 M salt) were at 37°C; fillers were 
autoradiography for 48 nr. 

RESULTS 

Selection and isolation of cDNAs 

E.coli ruvC recG bacteria lack activities that resolve 
recombination intermediates (Holltday junctions), and therefore 
are deficient in homologous recombination (Rec") and DNA- 
damage-toleration functions (19). We established anAmbidopsis 
cDNA plasmid expression library in RuvC" RecG" bacteria 
harboring a XCre prophage, by infecting 10 10 cells of strain 
N3398 with a phage XYE5 Arabidopsis cDNA library, at a 
multiplicity of 5 phage per cell. The endogenous Cre activity 
expressed by the XCre prophage (25) excised plasmids from the 
XYES phage via site-specific recombination at the lox sites in 
XYES; plasmidR ware established in about 50% of the bacteria. 

We amplified cDNA-pla^nic^ntaiiiing bacteria and plated 
them in the presence of 0.06% memylmemancsulfbnatc, a 
concentration which killed all non-cDNA-contairting bacteria, and 
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Tebfc I. Effects of Drtl 11 and Drtl 12 on resistance of mutants to UV light 



Relative survival (*) after 
Relevant bacteria! intituled UV flucrtces 
(plasmid) phenoiype* 

20 40 60 



Ruv+ Rec+ (none) 


(100) 


(100) 


(iOO) 


Ruv + RccA " (none) 


0.3 


0.05 


0.05 


fcuv+ RccA" (Drtl 11) 


0.4 


0.05 


0.05 


Ruv* RccA" (Drtll2) 
Ruv + RccB~C~F^ (none) 


0.4 


0.0* 


0.05 


0.2 


o.os 


0-05 


Ruv* RecB~C"F" (Drtlll) 


0.2 


0.08 


o.Ob 


Ruv + RccB'C"F" <Dnll2> 


0.3 


0.07 


0.06 


RuvC" RecG" (none) 


0.1 


0,01 


0.03 


RuvC"~ RccCr (DrtUl) 


2.7 


0.16 


0,6? 


RavC" RecG - CDrtll2) 


1.4 


0.06 


0.27 



'Respective bacterial strains (plasm ids) employed, linca 1 through 10, were 
AB1157 (pSE936), QP3Q7Q(pSE936). QP3070(pO;JMllO). QP3070CpQP1120), 
JH312(pSE936), JH3l2<pQPl 110), JH3I2 (pQPll20). N3398 (pSE93o"), N339& 
(pQP1120>, N3398 (pQPM20). 

^Fractions of bacierial suspensions surviving indicated UV doses woe measured 
as described Under 'Materials and Methods/ and divided by surviving fractions 
for Ruv + Roc" 1 " (none) bacteria. These Utter values (tulirtive survival of 100%) 
were 0.32 at 20 J/ra 2 , 0.043 at 40 J/nr\ and 0.002? at 60 J/m 2 . Data correspond 
■o averages for two plate* (ewge typically ± 10%). 

we tested the 25 survivors for resistance to 10-30 J/m 2 UV 
light All four UV-resistant isolates harbored plasmids containing 
putative cDNA inserts -one of 1 .4 kb, three of 0.8 kb. On the 
basis of the apparent Identity of size and correction activity (see 
below) of the latter three cDNAs, we identified two unique DNA- 
dainage-repair/roleration cDNAs. DRTIJl and DRT112. We 
tested these for their effect on various DNA-damage-sensitivity 
and recombination-deficiency phenotypes of E.coli ruvC, ruvC 
rccG> and rccG mutants 

Partial correction of DNA-damage-sensitivity phenotypes by 
DrtlU and Drtll2 

We measured the effect of Drtlll and DrU12 activity on the 
resistances, to ultraviolet light (Fig. 1A) and to the DNA- 
crosslinking agent mitomycin C (Fig. IB), of RuvC" single and 
RuvC" RecG- double mutants. DrtUl and Drtl 12 increased 
the resistance to UV light of both RuvC" Single mutants 
(Fig. 1A, open symbols) and RuvC"" RecG" double mutants 
(filled symbols). Although the factors by which survival was 
increased were greater for the double mutants, apparent correction 
efficiencies relative to wild-type resistance ranged from 0. 1 % 
to \%. Resistance of RuvC" and RuvC^ RccG" bacteria to 
mitomycin C (Fig. IB; open, filled symbols) was also increased 
by the presence of Drtl 11 and Drt 1 12. Here resistances were 
increased by as much as 400-fold [RuvC" RecG" (Dnlll) at 
0.3 jjg/ml], and apparent correction efficiencies were as high as 
10 to 40% (at 0.1 /ig/ml). The two plant cDNAs also increased 
resistance to methylmethancsulfonate, at concentrations of 0.015 
to 0.045 %, by factors of about 2-fold for RuvC" and up to 
20-fold for R.uvC" RecG" mutants, corresponding to 
complementation efficiencies of 0.1% or less; resistance of 
RuvC" RecG - mutants to 10 phd rutroquinolinc oxide was 
increased 7-fold by Drtlll and 3-fold by Drt 112 (data not 
shown). 

Drtl 1 1 and Drtl 12 might partially correct the DNA-damage- 
sensitive phenotypes of RuvC - RecG- bacteria by resolving 
intermediates generated by normal (RecA-dependent) E.coti 
recornbinational toleration processes, or suppress the phenotypes. 



Table n. Resistance of RecCT mutants expressing EMI 1 1 or Drill 2 toUV light 
plus mitomycin C. 



Relevant bacterial 
(plwmid) phenorype 6 


Survival (%) of bacteria 
tfciited as indicated 




UV only 


UV plus mitomycin C 


Rcc + (none) 


15 * 2 


13 =b 0.5 


RecG- (none) 


1,7 ± 0.3 


0.26 ± 0.13 


RccG" (DrtlU) 


8.5 ± 0.7 


6.1 ± 0.7 


RccG"* (Dttll2) 


2.7 ± 0.2 


0.15 ± 0.06 



'Respective strains (pLismids) employed, lines 1 through 4, were AB1157 
(pSE936), N2731 (pS£936). N2731 fcjQPlllO), N2731 (pQPl 120), 
^Bacteria were grown in broth containing anipjcfllin and IPTG» treated with 30 
J per m 2 UV light, a* described under 4 Materials and Methods,' spread on LB 
plana with or without 0.2 p.% per ml miurarycin C (20), and incubated Overnight. 
Data represent averages for two trials (two pines per trial), win) ranges izuueated. 



ToWc 111. Conjugal recombinant frequencies 



Relevant bacterial Number of Number of Relative 

(plasmid) phcnorypi! of recipients Thr* Leu+ Atr* recombinant 

fcapient* 1 (CFU/mlxlO- 7 ) h recombinant frequency" 

(CFU/mlXlO-V 



Rcc+ 


Rw + (none) 35 ± 4 


S.6 db 0.6 


(1.0) 


Rec + 


RuvC" (none) 32 ± 4 


10 * 0.4 


0.21 


Roc* 


RuvC" (Drtlll) 21 ± 2 


2.5 ± 0.2 


0.75 


Rcc* 


RuvC-(Drtlt2) 24*2 


1.7 ± 0.2 


0.44 


RccG 


" RuvC" (none) 37 * 2 


0.0t9 ± 0.004 


0.003 


RccG 


" RuvC" (Drtlll) 38 ib 6 


0.67 ± 0.02 


0.110 


RccG 


~ RuvC" (Dn 11 2) 44 * 8 


0.41 =fe 0,7 


0.058 



1 Respective recipient bacierial strains (plasmid*) employed Hoes 1 to 7. were.* 
0. AB1157 (pSE936), CS85 (pSE936). CS8S (pQPinO), CS85 (pQP1120), 
N3393 (pSE936). N339S (pQPlllO). N3398 (pQPII20). 
b Conjugal matin gs and measurements of total recipients and Ap» resistant Thr 4 * 
Leu + transconju^ms were performed as described under 'Materials and 
Methods'. Hfr donor was strain EG333. Data are averages and standard deviations 
for two trials, 

* Relative recombinant frequency cecals ratio of recombinant frequency to 
recipient frequency for indiuitod bacteria, divided by ratio for Rcc T Ruv" 
bacteria. 



by mediating new repair or recornbinational toleration pathways 
that did not require RuvC or RecG Junction, for example. We 
tested the ability of plasmids expressing Drtl 1 1 or Drtl 12 to 
increase the resistance of other Rec" mutants to UV light (Table 
I). Under conditions where Drt 111 and Drtl 12 significantly 
increased survival of RuvC" RccG" bacteria (Table 1, lines 
8— 10), tliere was no effect on survival of RecA" (lines 2—4) 
or RecB~C"F~ (lines 5-7) bacteria. 

We also tested for correction of Rec G" single mutations, 
using the UV-plus-mitomycin-C assay of Lloyd and Buckman 
(20) (Table H). RecG" (Drtl 11) bacteria were about half as 
resistant as wild-type, but RccG" (Drtl 12) bacteria were not 
significantly more resistant than RecG" . 

Correction of recombination defirieocks 
Although Drtlll and Drt 1 12 both significantly increased the 
resistance of both RuvC" and RuvC" RecG*" mutants to a 
variety of DNA^iamaging agents, the apparent correction 
efficiencies went only several percent or less, in all but a few 
cases. Furthermore, these data provide no direct evidence that 
rexrtmbmaUon^ruinjicing activities arc involved. Therefore, we 
tested the effects of Drtlll and Drtll2 on a bacterial 
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Figure 2. Hybridization of DRTI J J and DRTI 12 cDNAs to plant DNA. contain DNA from Atabidapsis leaves and stems (5 Mg), broccoli florets (10 

Chinese cabbage ifirasnca pelnnen&) leaves (10 j*g) r bean {Ptmtepka vulgaiis) seedlings (10 jig), and whole maize (Zm #7ioy.y) plants (10 ag). Ettfacijoo Of DNA. 
digestion with £coRl cndoitticlcase and hybridization Were as described under 'Materials and Methods'. A. DRTJJI probe. B. DRT1 12 probe. C. DRTI 12 probe 
at low stringency. 



recombination process. Homologous recombination is needed for 
formation of stable transconjugants during mating of Hfr and F~ 
bacteria. Although recA mutations drastically reduce conjugal 
recombination frequencies (30), a single ruvC mutation in a wild- 
rype background reduces recombination only 5-fold [ref. (19) 
and Table I, line 2], perhaps because recombination intermediates 
are resolved in other ways. DrtlH and Drti 12 corrected this 
RuvC - phenotype, restoring recombination to nearly wild-type 
levels in the former case (Table m, lines 3.4). The recombinant 
frequency in ruvC recG double mutants is drastically reduced, 
to just 0.3% of wild-type levels (Table fit, line 5). Here Drt 1 1 1 
increased the frequency 32-fold, to 1 1 % of wild-type levels (about 
half the restoration by RecG alone), and Drti 12 was slightly less 
effective (Table HI, lines 6,7). 

Neither DnlM nor Drti 12 corrected recombination 
deficiencies in other Rec~ mutants tested: The frequent of 
tetracyclinc^resistant tratisconjugants, in matings of the Hfr 
pyrA::TnlO strain EG333 with RccA" and RecB~C~F^ 
recipients, were reduced respectively to 0.0196 and 1 % of ra^ 
levels, in the presence or absence of DRTJ11 or DRTI 12 (data 
not shown); in parallel experiments Drti 1 1 and Drti 12 increased 
recombinant frequencies in RuvC" RecG - bacteria from 0.17% 
of wild-type frequencies to 7.4% and 2.5%, respectively. Neither 
Drti 1 1 nor Drti 12 affected the efficiency of transfer of conjugal 
F' episomes in any bacteria tested (Rec**\ RecA " , RecB~F~ 
and RuvC" RecG" (data not shown)], i.e. the apparent 
increases in recombinant frequency arc not due to increased 
mating efficiencies in the presence of Drti 11 or Ditll2. 

To downline whether correction of the RuvC " RecG" 
recombination deficiency required expression of DRTI 11 and 
DRTI 12* rather than being the result, for example, of induction 
of new E.coli activities by the presence of the plant DNA 



Table IV. Effects of gene orientation aitf induction of expression on activity 
of DRTI 12 and DRTI 72 in rccombiittlion-dcScicnt bacteria 



Frequency (%) of A]/ Ga1 r 
Bacterial (plasmid) tninscoDjugants per recipeW 



phenotype of re 


icipient* 


IPTOinduced 


no IPTC 


Ruv+ Rec + <nc 


mc) 


5.0 


6.2 


RuvC" RcoG" 


(none) 


0.008 


0006 


RuvC" RecG" 


(Drill 1) 


0.462 


0.030 


RuvC" RecG" 


(Drtlll INV) 


0,003 


0.008 


RuvC" RecG - 


(Pnll2) 


0.180 


0.060 


RUVC~ RecG" 


(DitH2 INV) 


0.008 


0.007 



'Respective bacterial strains (plasmid-*) employed, lines 1 to 6, were ABU 57 
(pSE$tt6% N3398 (pSE936), N3398 (pQP1110) t N335W (pQP1112), 
(pQPl 120), N3398 (pQPl 122). 

b Co»*jtfgal roarings, with EG333 as Hfr donor und scoring for Ap* Gal + 
recombinants, were performed as described under 'Materials and Methods. ' Data 
correspond to average for two plates; range ww [ex* than ± 10^ in almost all 
cases. 

sequences themselves, we measured requirements for 
transcription (Table IV), Neither DRT111 nor DRTU2, when 
inverted with respect to the plasmid promoter, showed airy 
correction activity (Table IV, lines 4, 6). In the absence of 
induction by 1PTG, the activity of P^-txanscribed DRTI 1 J and 
DRTI 12 sequences was decreased but still significant (Table IV, 
lines 3, 5), presumably because multiple copies of the lac operator 
titrated out endogenous levels of even focf-cxpressed lac 
repressor (3t). 

DNA and protein sequence analyses 

DNA and predicted protein sequences for DRTI 12 and DRTI 12 
are available via GENBANK access numbers M98455 and 
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M98456, respectively, We used the InrelHgenetics FAST DB 
prog ram t o search protein sequences in the GENBANK, 
NBRHFIR, and EMBL libraries for amino-acid-sequence 
simiJarities. The DRT111 open reading frame predicts a 
383-residue polypeptide without significant global similarity to 
any known protein, including the prokaryotic Holliday-junction 
rcsol vases— phage T4 gene 49 protein (32), phage T7 gene 3 
protein (9), E.coli RuvC (17) and RecG proteins (16)— and the 
yeast cruciform-cutting enzyme (33). However, the Drtlll 
amino-acid sequence Q^GqGlGKS strongly resembles the 
RecG sequence QGdvGsGKT (16), and thus the nucleotide 
binding motif (Walker box) GxxGxGKS (34) characteristic of 
many ATP-hydrolyzing DNA repair and recombination proteins. 
Surprisingly, the predicted Drtl 12 polypeptide, 167 amino acids, 
is 75% identical with Arobidopsis pJastccyanin (35). The 
homology extends over most of the sequences, except for nine 
plastocyanin residues between Drtl 12 amino acids 24 and 27. 
Drtl 12 shows no significant homology with any other proteins 
in the data bank, or with other resol vases. The N-terminal 
portions of both polypeptides show features characteristic of 
chloroplast transit peptides (36): high frequency of serine and 
threonine residues, large numbers of small hydrophobic amino 
acids, net positive charge. Wc did not find a consensus chioroptast 
processing site (36*37) in Drtl 1 1 , but the plastocyanins (35) are 
cleaved at a sequence that ends in Drtl 12 at amino acid 68. The 
apparent chloroplast-targeting domain of Drtl 1 1 occupies about 
90 N-tenninal residues. 

Hybridization of DRTlll and DRT212 probes to plant DNA 

We hybridized, at high stringency, DRTlll said DRTlll probes 
to bulk DMA from Araindopsis, the closely related Bwssicaceae 
broccoli and Chinese cabbage, and from bean and the monocot 
plant maize (Fig. 2). The DRTlll probe hybridized strongly to 
DNA from Arobidopsis and very weakly to broccoli DNA, hut 
not to DNA from other plants (Fig. 2A). At high stringency, 
the DRT112 probe yielded only a single strong DNA signal 
(Fig. 2B) which presumably corresponds to DRT112 itself. The 
additional two lower-molecular-weight bands that appear at lower 
stringency may correspond to the Arobidopsis plastocyanin gene 
(35), which encodes an EcaRT restriction site not in the DKT112 
sequence. Vorst et aL (35) detected only a single (mtron-less) 
plastocyanin gene by hybridization analysis. Thus, despite the 
high degree of homology, the nucleotide differences (about 30%) 
apparently prevent D/?r7/2-plastocyanin hybridization at high 
stringency. 

DISCUSSION 

We have isolated WO Arobidopsis cDNAs that appeal to increase 
recombinant progeny in conjugal crosses involving E, coli mutants 
lacking ability to resolve intermediates (Holliday structures). 
These cDNAs were originally selected by virtue of their ability 
to promote survival of ruvC recC mutants, on plates containing 
meuiymieuiancsulfonate (MMS), but they proved to significantly 
increase resistance to ether DNA-damaging agents as well. Wc 
have considered three explanations, other than genuine 
complementation— replacement of RuvC or RecG resolution 
activities— for these observations. Informational suppression can 
be ruled out: rccG258 7 which is strongly corrected by DRTlll, 
is an insertion mutation; the ruvC53 allele encodes a highly 
temperature-sensitive but M-length protein (R. Lloyd, personal 
communication). Second, the requirement for /^-initiated 



transcription of DRTlll and DRT112 excludes the possibility thai 
either DNA sequence in and of itself provokes a phenotypc 
suppressing response in Ecoli. Thiid, the inability of Drtlll 
or Drtl 12 to promote conjugal recombination or UV-resistancc 
in E.coli recA or recB recC recF mutants argues strongly against 
the notion that either activity mediates a novel recombination 
pathway that docs not depend on resolution via RuvC or RecG 
activity. 

Correction efficiencies, for DRTlll and DRTU2 relative to 
wild-type cells, were high for conjugal recombination (9-70% 
and 4-25%, respectively), for resistance to lower levels of 
mitomycin C (10-40% and 3-10% respectively), and for 
complementation by Drtl 1 1 of RecG" DNA-damage sensitivity 
(50%). Efficiencies were less for higher degrees of damage. 
These trends may reflect saturation, by high amounts of DNA 
damage, of activities limited by lack of bacterial translation 
signals, poor codon usage, RNA instability or protein instability, 
or insolubility in E.coli, or the presence of activity-inhibiting 
chloroplast processing signals on the Drtlll and Drtl 12 
polypeptides. In fact, in experiments in which proteins were 
radiolabeled in E*coli 'niini-ceUs f , neither Drtl 11-cncoding nor 
Drtll2~encoding plasmids yielded detectable bands of the 
appropriate molecular weight (Q. Pang, unpublished results). The 
correction patterns thus suggest that activities able to efficiently 
resolve a few conjugal-recombination intermediates, despite low 
intrinsic biochemical proficiency and/or low levels of expression, 
may not be able to deal with large numbers of intermediates 
arising during DNA-damage-provokcd sister-chromatid 
exchange. 

Drtl 1 1 and Drtl 12 differ In the sequences and length of their 
polypeptides, their apparent efficiencies for complementation of 
RuvC" and RuvC" RecG"" phenotypes, and in the ability of 
Drtlll, but not Drtl 12, to efficiently complement a RecG - 
phenotypc. The molecular weight of Drtlll, 42 kDa, falls 
between those of RecG, 76 kD (16) and RuvC nnd the phage 
T7 and T4 resol vases, 17-19 kDa (8-10). Drtll2 is highly 
similar to Arobidopsis plastocyanin (35), a nuclear-encoded 
chloroplast protein that participates in electron transfer between 
photosystem I and the cytochrome &// complex. If Drtl 12 is 
processed at the same site at which plastocyanin is thought to 
be cleaved in the chloroplast (35), the putative nature Drill 2 
protein (amino acids 69-167), would have a molecular weight 
of only 1 1 kDa, significandy less than those of the RuvC/phage 
resolvases. The Drtl 12-plastocyanin similarity is reminiscent of 
the similarity in between respiiatDfy-chain NADH dehydrogenase 
and a protein that binds to the chloroplast DNA replication origin 
(38). 

E.coli appears to process recombination intermediates, such 
as Holliday structures, in two steps, by at least two pathways. 
The bacterial RuvA and RuvB proteins together recognize 
Holliday junctions and catalyze ATP-dependent branch migration 
(39,40,41); RecG alone efficiently accomplishes both these tasks 
(42). Both RuvAB and RecG activities resolve Holliday junctions 
in short linear model substrates, simply via branch migration out 
to the ends. However, resolution of such mtennediates in 
chromosomes would require that the migrating junctions 
encounter preexisting DNA strand nicks, or be cleaved by 
.resolving endonucleases. The RuvC protein is one such resolvase 
(10,14). Since RuvC" (and RuvA" or RuvB" mutants) are only 
slightly recombination-deficient (19), yet RecG does not appear 
to cleave Holliday junctions (42), there may another, as yet 
unidentified, E.co!i resolvase that cleaves junctions recognized 
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by RecG. Preference of the RuvC resolvase for RuvAB-bound 
HoUiday junctions has not been demonstrated (39,40,41). 
However* the indistinguishability of RuvA~, RuvB - , and 
RuvC" phenotypes (19) suggests that these proteins, which arc 
encoded by three nearly contiguous genes (17), may act 
cooperatively in vivo. Ruv"* mutants are much more sensitive 
to DNA damage than RccG" mutants, although both classes of 
mutants arc only slighdy rccombinaiion-dcficienr (19). This 
suggests that the Ruv and RecG pathways are nearly, but not 
perfectly, interchangeable for conjugal recombination, but that 
the Ruv proteins are designed to play the predominant role in 
recombinational toleration of DNA damage. 

How might the Arabidopsis Drt activities identified here relate 
to these E.coli functions? Drt 1 1 1 is slighdy more than half the 
size of RccG. However, both proteins exhibit a nucleotide binding 
site, recombination frequencies in RuvC~RccG+ and 
RuvC "RecG" (DrtlH) bacteria are similar (Table HI), and 
Drt 111 efficiently corrects RecG - phenotypes, despite its 
apparently low level of expression. Although Drtlll may thus 
serve as a RecG analog, Drt 112 does not correct RecG" 
phenotypes. The pattern of correction, by apparently limited 
amounts of Drt 112, of RuvC" and RuvC "RecG" phenotypes 
is not inconsistent with partial replacement of the RuvC 
endonuclease, but such an identification requires further study, 
in vitro as well as in vivo. The lack of extensive similarity among 
all proteins thus far implicated in resolution of recombination 
intcrmcdiatcs--Drtlll ) Drtll2, the E.cali Ruv and RecG 
proteins, and the phage T4 and T7 resolvases— suggests that 
various organisms have recruited a wide variety of proteins to 
mediate this process. The validity of these speculations remains 
to be tested, by biochemical studies with purified DrtlH and 
Drt 112 proteins. 

The two Arabidopsis ftecA homologs/analogs described 
previously (6,7), and the apparent plant resolution proteins 
described here, incorporate putative cbloroplast transit peptides. 
This suggests that recombinational toleration is an important 
feature of resistance of chloroplasts to DNA damage. 
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